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Abstract 
 
The p53 protein has been widely studied since its discovery as a tumour suppressor protein in 
1989 with applications in cancer diagnostics and anti-cancer therapy. p53 has been found to be 
mutated in 50% of human cancers. Therefore, understanding the properties, mechanisms and 
mutations of the protein is undoubtedly of great importance in the pursuit of understanding and 
treating cancer.  
 
In this thesis, single molecule methods such as atomic force microscopy (AFM) and solid-state 
nanopores were applied to investigate the binding interaction between p53 protein and DNA. 
The focus of this research was to examine p53 binding to different DNA molecules with or 
without specific binding sites and to distinguish between bare DNA and different p53-DNA 
complexes in a label-free manner. 
 
Firstly, AFM was utilised to examine DNA and p53 individually to determine the size and 
characteristics of the analytes separately. Thereafter, successful binding of p53 to DNA was 
confirmed and statistics were obtained with respect to the size and position of p53 protein along 
the DNA samples.  
 
Next, solid-state nanopores were employed to attempt ultrafast single molecule sensing without 
the need for labels or immobilisation of the DNA and DNA-p53 complexes. Successful single 
molecule detection was achieved with nanopipette sensors. Further experiments using low-
noise planar nanopore devices resulted in successful discrimination between bare DNA and 
DNA-p53 complexes in a label-free manner. This new development in the p53 field provides 
a novel method of detecting the tumour suppressor protein p53 binding to DNA. However, the 
nanopore characteristics for DNA-p53 complexes with different DNA sequences were within 
experimental error of each other. This study provides a framework for future development 
towards the detection and distinction of different p53 interactions with DNA. 
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Both have an overlaid best fit dashed line…………………………………………..………………...114 
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translocation events. The dotted circles indicated two distinct groups of events: Group 1 (red), and 
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Thesis Outline 
 
 
This thesis is divided into 7 chapters, which represent the main work carried out during this 
PhD study. Single molecule detection has been utilised in the form of AFM and nanopore 
sensors to distinguish between bare DNA and different p53-DNA complexes.  
 
Chapter 1 discusses the importance of the p53 protein and its interaction with DNA. It also 
discusses the theory of AFM and nanopore sensors. Nanopore studies of interest to this research 
are also discussed.  
 
Chapter 2 presents the methods and materials used throughout the experiments described in 
this thesis.  
 
The key biological laboratory results are presented and discussed in Chapter 3. 
 
AFM studies on bare DNA, p53 protein and DNA-p53 complexes are outlined in Chapter 4. 
The results are discussed with knowledge of the DNA sequences to examine whether specific 
or non-specific binding can be determined. Additionally, the size of the p53 protein bound to 
DNA is examined to determine between dimeric and tetrameric p53 binding to DNA.  
 
Chapter 5 presents experimental nanopipette studies on bare DNA and DNA-p53 complexes. 
The 10 kHz applied filtering frequency was determined to be a limiting factor, which was then 
improved to illustrate single molecule detection of DNA and DNA-p53 complexes without loss 
of significant data. However, the ability to distinguish between the bare DNA and DNA-p53 
complexes is not achieved using these devices. Smaller pore dimensions are suggested as a 
further improvement to achieve this distinction between analytes using nanopore detection.  
 
In Chapter 6, low noise planar nanopore devices were employed with sub-20 nm sized pores 
to further investigate the DNA-p53 complex. Successful single molecule detection and 
discrimination between bare DNA and DNA-p53 complexes was achieved. However, the 
ability to distinguish between different DNA-p53 complexes was limited.  
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Lastly, Chapter 7 concludes the findings of this thesis and presents the key advances in the 
detection of the p53-DNA interaction. Future experiments are proposed to further the detection 
capabilities of solid-state nanopores and therefore probe the p53-DNA interaction to a greater 
depth with this label-free sensor device. Additional studies with AFM are also proposed.   
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Abstract 
 
The p53 protein plays a key role in the cellular response to DNA damage, while its interactions 
with DNA molecules are key to understanding how p53 distinguishes its gene targets. The 
following chapter will discuss the key research findings for the p53 protein and its DNA 
interactions. The focus of this thesis is on single molecule detection of the p53-DNA 
interaction, with two main techniques, atomic force microscopy (AFM) and nanopore sensors, 
being applied to this aim. The benefits of single molecule detection will be discussed, followed 
by a discussion on AFM theory. Finally nanopore sensors will be discussed, including the 
theory behind the dynamics involved and select studies in the field.  
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1.1 The p53-DNA Interaction                                                     
 
1.1.1 p53 Protein 
 
The tumour suppressor p53, known colloquially as the ‘guardian of the genome’, has been a 
major focus of cancer research since 19791,2 as it plays a major role in DNA-repair, cell cycle 
arrest and apoptosis. More than 50% of human cancers have been found to have mutations of 
p53,3 with the majority found in the core DNA-binding domain which mediates recognition 
and binding to specific response elements on DNA. 
 
The p53 protein is regulated in human cells at homeostasis through polyubiquitination by 
Human Double Minute 2 (Hdm2).4 This E3 ubiquitin ligase binds directly to p53, repressing 
the transcriptional activity and resulting in proteasomal degradation of excess p53. Hdm2 
therefore promotes a short half-life of p53, which results in low concentrations of p53. 
However, in response to DNA damage or cellular stress, p53 becomes post-translationally 
modified through phosphorylation, acetylation and methylation and accumulates within the 
cell.5 Post-translational modification (PTM) of p53 involves the addition of a functional group 
by covalent bonding to the p53 protein after it undergoes translation.6 p53 has over 150 
downstream gene targets, which are activated by the PTM at specific conserved sites.7 The 
most common of these PTMs of p53 are phosphorylation of serines and/or threonines and 
acetylation, ubiquitination and sumoylation of lysine residues. These subsequently regulate the 
damaged cell through cell cycle arrest and DNA-repair, apoptosis (cell death) or senescence 
(discontinuation of cell replication) to stop proliferation of the mutations within the cell 
throughout the organism.4  
 
Full length p53 (flp53) is a 393 amino acid protein, consisting of four distinct domains: The 
amino (N) domain which contains the trans-activation domain and a proline-rich domain, the 
central core region, which is also known as the DNA binding domain (DBD) due to its 
sequence-specific DNA binding nature, the tetramerization (T) domain and the carboxy (C) 
domain which has non-specific DNA-binding properties.5,9 
 
Mutations of p53 in tumorigenesis largely result in loss of wild-type (wt) function. While the 
wtp53 suppresses growth and transformation, mutant p53 favours growth and inhibits wtp53 
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function.8,10 The result is a selective preference for growth of cells which harbour mutations. 
The most common mutations observed in p53 are missense mutations within the DNA binding 
domain, 11 which highlights the important role of p53-DNA binding in the regulation of target 
genes by p53, see figure 1.1.  
 
The p53 protein can exist in different forms, such that in solution in vitro, p53 assembles into 
dimers, then subsequently into tetramers. At sub-micromolar concentrations it is primarily 
dimeric, while tetramerization of p53 at higher concentrations occurs naturally.12 The 
equilibrium constant for the formation of tetramers from dimers is approximately 20 nM for 
flp53.13,14 In cells the p53 concentration is estimated at 140 nM15 such that there exists an 
equilibrium between dimers and tetramers. Slow association and dissociation rate constants for 
oligomerisation were found for p53,13 suggesting that the regulatory preference for dimeric or 
tetrameric p53 may be linked to function.  Hetero-tetramers consisting of a dimer of both wtp53 
and mutant p53 have been found to form which lowers the effective concentration of homo-
tetramers of wtp53.13 The result is less wt activity and illustrates the dominant-negative effect 
of mutations. DNA damage in cells as a result of stress was found to trigger p53 tetramerization, 
without the p53 concentration increasing.15 This suggests that the equilibrium between dimers 
and tetramers in cells depends not only on the concentration of p53 within the cell, but also on 
the response to stress factors and perhaps other unknown regulators of p53 oligomerisation.   
 
Figure 1.1. Shows the domain structure of flp53 and the relative frequency of oncogenic missense 
mutations at each residue according to R17 (October 2013, N = 21014) of the International Agency 
for Research on Cancer TP53 mutation database (http://p53.iarc.fr).  TAD is the N-terminal 
transactivation domain, (PRR) is the proline-rich region, DBD is the DNA-binding domain, TET is 
the tetramerization domain, and CT is the extreme C terminus. The DBD is the domain where most 
cancer-associated p53 mutations are located. The numbered bars are the residues with > 2 % of all 
missense mutations. 
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1.1.2 Physical Properties of p53 Protein 
 
Despite the large volume of studies on p53, the structure of flp53 is not entirely certain. This 
is due to the existence of different models and the absence of a complete crystal structure. 
However, a number of studies have provided an insight into the p53 protein’s physical 
properties.  
The Stokes radius of the p53 immunopurified tetramer was estimated to be 64 Å, whilst its 
isoelectric point (pI) is estimated at pH 6.33.16–18 Recently, cryoelectron microscopy (cryoEM) 
determined the first three-dimensional structure of the murine p53 tetramer19 as a slightly 
slanted hollow cube of dimensions 66 x 82 x 88 Å (see figure 1.2). The resolution of the EM 
map was 13.7 Å. The molecular volume was estimated at 220 nm, whilst an associated 
predicted molecular mass of 186 kDa is comparable to the predicted mass of 174 kDa from the 
amino acid sequence.20 Small-angle X-ray scattering (SAXS) has been used to determine a 
maximum diameter of the human flp53 protein as 240 ± 30 Å, along with a radius of gyration 
of 68.2 ± 0.3 Å.21 It was suggested that the dimensions indicate that the N-terminal domain is 
largely extended and potentially flexible. It has also been shown that an electron microscopy 
structure of human flp53 was different in shape to figure 1.2, however, both were proposed to 
be minor closed conformations that would have to ‘open up’ to access a DNA binding site.21 
The size of the p53 protein is particularly important to this research and the studies described 
here will be used as a comparison for AFM studies in chapter 4.  
 
Figure 1.2. Shows the cryoelectron microscopy structure for the full length murine p53 tetramer 
viewed at different angles. A, C and D show the side views of the structure whilst B shows the top 
view. E shows the stereo view of the p53 molecule. LN indicates the position of the large nodes and 
SN indicated the positions of the small nodes. The dimensions are shown for the principle features 
of the cube structure.  
23 
 
 
 
1.1.3 p53-DNA Interaction 
 
The transactivation of target genes by wtp53 is a sequence-specific interaction. p53 binds a 
double-stranded DNA consensus site consisting of two copies of a 10 base-pair (bp) motif (or 
half-site) separated by 0-13 bp:22 
5’-RRRCWWGYYY-3’ 
 
In this consensus sequence, R = A, G; W = A, T; Y = C, T. p53 binding sites, also known as 
response elements (REs), have fewer spacer sequences in vivo between the half-sites23,24 and 
there is a striking dominance of CATG and CAAG over CTAG motifs.25,26 
 
Previous studies examined the nature of the p53 protein’s interaction with DNA. The core 
domain was shown to be the sequence-specific DNA binding domain of the p53 protein.  
Interestingly, the core domain of p53 binds a consensus binding sequence with the same affinity 
as flp53, and can bind a half-site in a sequence-specific manner.9 Indeed, specific binding of 
p53 to consensus DNA sequences occurs in a dimer step-wise manner: the binding of one dimer 
appears to induce the binding of a second dimer to form a tetramer of p53 on DNA.12 The 
binding of p53 protein has been shown to locally bend DNA.27–29 The full 20 bp recognition 
sequence is required for high affinity specific binding of p53. A half-site does have a weak 
association for p53, and has been shown to exhibit transactivation in cells, although this relies 
on a tetrameric form of p53.30 These interactions are significantly stronger than those with 
DNA that has no consensus site. Non-specific DNA recognition by p53 is reliant on 
electrostatic interactions of basic residues in the C-terminus to the acidic phosphate backbone 
of DNA, therefore increasing the salt concentration reduces the extent of non-specific 
binding.12 The addition of non-specific spacer base pairs between half-sites in vitro reduced 
cooperativity significantly as a result of a reduction in the protein-protein interaction between 
dimers.31 This was confirmed in vivo, as a gap of greater than 3 nucleotides showed binding 
more comparable to that of two dimers with two half-sites rather than a full site binding a 
tetramer.30  
 
Sequence specific preferences have been shown, both in vitro and in vivo, to relate to the 
outcome of transactivation.32,33 REs from genes for cell cycle arrest, DNA repair and negative 
regulation of p53 show high affinities for p53, whilst REs from pro-apoptotic genes vary 
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greatly in their affinities, with a significant number exhibiting low affinities. The majority of 
cell cycle targets contain CATG motif REs which have low cooperativity31 despite their high 
binding affinities. This has been linked to the higher flexibility of the CATG element compared 
to the more rigid non-CATG elements in apoptosis target REs which bind with high 
cooperativity. This suggests a switch mechanism that causes p53 to change between weak and 
strong cooperative binding,33 allowing for regulation of activation by p53 in its targeting of 
genes.  
 
An important factor in the binding of p53 to DNA is the presence of zinc or magnesium. p53 
is a zinc metalloprotein, which has been found to exhibit a conformational change upon binding 
of Mg2+ that enhanced the binding of p53 to DNA in a manner independent of sequence.34 As 
Mg2+ has a higher net positive charge than Zn2+, there are stronger electrostatic attractive 
interactions between Mg2+ and DNA. However, both metal ions have been found to 
significantly contribute to the orientation of p53 when interacting with DNA, which is critical 
for specific-sequence DNA binding of p53 DBD.35  It was, therefore, proposed that Mg2+ could 
be a prominent factor in p53 transactivation regulation, due to the high concentrations existing 
within the cell. 
 
Atomic Force Microscopy (AFM) has previously been used to investigate the interaction of 
p53 and DNA in a single molecule manner. The findings are particularly of interest as this 
thesis utilises AFM in the study of sequence specific p53-DNA interactions.  The core domain 
p53-DNA complex was first characterised with AFM in 1998.36 A 1.07 kb linear dsDNA 
sample containing the Waf1 RE (5' –GAACATGTCCCAACATGTTG-3') was found not to 
exhibit enhanced binding compared to the rest of the DNA, such that specific and non-specific 
binding was indistinguishable. However, at high protein to DNA molar ratios (160:1), thick 
filaments of p53 were observed, whilst the geometry of uncovered DNA was retained. The p53 
core domain was also found to bind to a specific and non-specific sequence of supercoiled 
DNA.37 Only one p53 molecule was observed with the consensus sequence containing sample, 
whilst the non-consensus DNA sample displayed various sizes of complexes with often 
multiple protein complexes to one DNA strand. Large aggregates were also observed on the 
non-specific DNA suggesting a different oligomeric state of bound protein in the absence of 
specific binding sequences.  
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Although there is currently a great depth of knowledge about the activation pathways and 
downstream regulation of p53,39,40 there has been great difficulty in realising a crystal structure 
of flp53 protein due to intrinsically disordered segments.41 Currently, only a multi-technique 
approach using small-angle X-ray scattering (SAXS), electron microscopy (EM) and NMR 
spectroscopy has been able to determine the structure of tetrameric human p53,21whilst crystal 
structures have been elucidated for only core or multi-domain p53 in complex with DNA.42–44 
 
The first crystal structure of the human p53 core domain complexed with specific DNA was 
obtained in 1994.42 The sequence used in the study: 
5’-ATAATTGGGCAAGTCTAGGAA-3’, 
consisted of only a half-site consensus sequence and was found to provide high affinity binding 
for p53. Three p53 core domains were present in the crystal structure, forming an asymmetric 
unit, where two molecules form a dimer weakly bound to the DNA, whilst a third molecule 
binds by purely protein-protein contacts. The latter protein was suggested to provide a 
stabilising effect on the crystal, despite it not interacting with the DNA.  
                   a. 
A T A A T T G G G C A A G T C T A G G A A 
  
  A T T A A C C C G T T C A G A T C C T T T  
                   b.  
 
Figure 1.3. a. The consensus binding sequence that was used for the p53-DNA complex crystal 
structure. Underlined sequence shows where p53 molecules bind. b. The crystal structure obtained 
by Cho et al. showing three p53 core domain molecules bound to one DNA duplex. Two molecules 
bind the DNA directly (red and yellow), whilst the third forms protein-protein contacts only (blue).  
These images were obtained from the Protein Data Bank (http://www.pdb.org, image 1TUP) and 
viewed with PyMOL. 
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In figure 1.3, the DNA sequence is underlined where the p53 DBD molecules bind; one binds 
near the centre at the CAAG motif (yellow), whilst a second (red) binds at a non-specific site 
at the interface between two DNA fragments that are related by crystallographic symmetry. 
The non-specifically bound p53 DBD (red) has less contacts with the DNA than the specifically 
bound one.  
 
The first p53-DNA complex containing a full consensus site and a p53 polypeptide with both 
the DBD and the oligomerisation domain was obtained in 2011.43 This is an advancement from 
other published structures which have four p53 DBDs in complex with a full consensus 
sequence,41,42,44,45 as it presents an agreeable structure to that expected of the flp53 tetramer 
bound to DNA. Amino acid substitutions within both the DBD and tetramerization domains 
produced a thermostable protein with a dimerization domain, whilst 28 to 30 linker residues 
were removed. The resulting crystallised multi-domain p53 polypeptide formed dimers, see 
figure 1.4, and two dimers were found to bind to dsDNA: 
 
5’-ACGGGCATGTCTGGGCATGTCTCAAA-3’. 
 
 
a. 
 
 
 
 
 
 
 
b. 
 
 
c. 
 
Figure 1.4. a. shows the p53 multi-domain protein. b. is the crystal structure of the stabilised 
oligomerisation and core binding domains of p53. A dimer is formed by these multidomain structures. 
The arrows indicate linkers between the DNA binding and oligomerisation domains. c. The overall 
three-dimensional structure of two p53 polypeptide dimers bound to DNA. These images were 
obtained from the Protein Data Bank (http://www.pdb.org, image 3Q01, 3Q05 and 3Q06) and viewed 
with PyMOL.  
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In this crystal structure a better fit was observed between the protein and DNA, which resulted 
from an induced fit mechanism. It was proposed that a conformational switch allowed p53 to 
address the similar affinities for specific and non-specific DNA sequences by regulating 
binding off-rates. The larger difference between off- and on-rates was suggested to distinguish 
specific and non-specific sites, where high off-rates for non-specific DNA would lead to 
protein molecules moving from site to site, through sliding or intersegment transfer. A specific 
site would result in a conformational switch, thus altering the off-rate constant, effectively 
locking the protein to the site without a large change in affinity. 
 
Indeed, it has been shown that wtp53, but not p53 lacking a C-terminus, can linearly diffuse 
along DNA both in vitro and in vivo.46 This one-dimensional linear diffusion has been 
demonstrated using single-molecule fluorescence that shows the flp53 protein sliding along 
DNA and remaining in physical contact.47 It has been further proposed that, while the sliding 
mechanism is due to the C-terminal domain, the core domain stochastically associates and 
dissociates on and off the DNA, exhibiting a two-state mechanism.48 This mechanism can be 
achieved if the protein exhibits conformational switching, as described above, such that two 
states exist: a search state characterised by largely non-specific binding and fast sliding, and a 
recognition state where the protein binds the DNA in a sequence specific manner that involves 
the core domain docking with the DNA. Time-lapse AFM in liquid confirmed various 
interactions exist for p53 with recognition sequence DNA.38 Dissociation/re-association and 
sliding of p53 was detected, with non-specific binding and subsequent one-dimensional 
diffusion along DNA. 
 
Furthermore, hemi-specific binding of p53 to DNA has been proposed, where two identical 
homodimers of p53 making up a tetramer of p53 bind DNA with one dimer bound to a specific 
sequence, and the other dimer bound to a non-specific sequence. This may explain how p53 
binds to half-sites in REs. The evidence discussed above for conformational changes upon p53 
binding to DNA and of p53 linear diffusion is an important consideration in the understanding 
of how p53 targets its response elements.  
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1.2 Single Molecule Detection 
 
Current detection methods to examine interactions, pathways, mutations and physical 
properties of p53 include SDS and native PAGE, and agarose gel electrophoresis,49 Western 
blot analysis15 and analytical ultra-centrifugation (AUC).50 Single molecule detection methods 
have recently emerged as a different way of studying biology by individual molecules rather 
than by bulk measurements. Technological advances have been utilised with methods such as 
atomic force microscopy (AFM),36 flow cytometry,51 Foster resonance energy transfer 
(FRET),52 and total internal reflection fluorescence (TIRF) microscopy48 to probe molecules 
one by one. These techniques have given researchers the ability to monitor p53 interactions 
with increased sensitivity, giving rise to a deeper understanding of the mechanisms of p53 
searches for consensus DNA sequences.  
 
Each of these methods require either dyes or fluorescence markers for visualisation, or rely on 
surface immobilisation. Experimental uncertainty is implicated by the effect of a label on 
molecular conformation, blocking of active binding sites, inaccessibility of the labelling site or 
the lack of a label that functions homogeneously for all molecules in an experiment.53  Label-
free detection overcomes these uncertainties through a device that is capable of directly 
measuring some physical property of the analyte of interest, such as size, mass or charge. This 
can be used to detect the presence or absence of the analyte and greatly simplifies the time and 
effort required for development of assays. Experimental artefacts such as quenching and 
background fluorescence are also removed. It is therefore of interest to probe p53-DNA 
interactions in a label-free manner.  
 
Single molecule detection methods for the determination of important features of molecules 
from a single sample is a goal that is currently being fervently pursued in biosensor research. 
The aim to determine significant changes such as mutations, folding and epigenetic alterations 
of biological samples which are apparently ‘identical’ by bulk detection techniques has resulted 
in a rapid expansion in the micro- and nano-fluidic fields. Nanopores, provide a cheap, label-
free, real-time detection method that samples molecules individually, allowing for the removal 
of ensemble averaging, which can mask finer features or subpopulations, thus providing 
determination of distinct populations within a sample.54  
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Nanopore sensors have the capability to detect DNA, RNA, DNA-protein interactions, 
individual proteins and other small molecules. They have lab-on-a-chip capabilities to allow 
integration in small devices, while delivering powerful information about the analytes of 
interest. The process of detection involves threading the analyte of interest through a tiny hole 
where an ionic current is flowing. As the analyte enters the pore, it excludes ions and the current 
is therefore altered. This simple concept has applications in DNA sequencing, disease 
detection, detection of drug and analyte interactions and examining proteins in their native 
states.   
 
In the research undertaken in this thesis, AFM is used as an established single molecule method 
to analyse DNA-p53 interactions, and thereafter, nanopore sensing is utilised to probe the 
interaction in solution. The aims for this research are to distinguish between p53 binding to 
different target and control DNA molecules, to analyse the interaction in terms of the state  and 
position of p53 bound to DNA, and to differentiate between DNA and DNA-p53 complexes 
with a label-free single molecule detection method.  
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1.3 Atomic Force Microscopy 
 
1.3.1 Introduction to AFM 
 
In 1981 G. Binning, H. Rohrer, Ch. Gerber, and E. Weibel, at IBM, developed a technique to 
control vacuum tunnelling of electrons between a tungsten tip and a platinum surface.55 By 
scanning the tip over the sample surface they obtained the first topographic images at the 
atomic scale, thereby founding the field of scanning tunnelling miscroscopy (STM) and earning 
Binning and Rohrer the Nobel Prize for Physics in 1986.56,57 The scanning probe microscopy 
(SPM) field was rapidly expanded with the development of AFM in 1985, with both STM and 
AFM quickly achieving atomic resolution.58–61  
 
While STM is widely used to study and characterise the atomic structure of metals, 
semiconductors and conducting molecules, AFM has a significant advantage over STM. The 
requirement of a conductive sample to allow for tunnelling in STM limits the choice of sample, 
whilst AFM utilises attractive and repulsive forces between the tip and sample, permitting the 
examination of an unlimited number of materials including biological samples.  
 
 
Figure 1.5. An illustrative diagram of the working principle of the AFM. A laser beam is focused 
onto the back of a cantilever that is positioned at the surface of the sample of interested. The laser 
reflects off the cantilever onto a four-quadrant photodiode which is position sensitive and can monitor 
the force between the tip and the sample.  
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In AFM a small flexible cantilever with a sharp mounted tip is scanned across the sample 
surface. A laser beam is focused on the back of a cantilever which reflects the laser onto a four 
quadrant position sensitive photodiode (PSD) that monitors the forces between the tip and the 
sample.62 Bending and torsion of the cantilever are detected through this optical lever, see 
figure 1.5. 
 
The interaction forces acting on the cantilever by the sample surface, such as electrostatic, van 
der Waals, frictional, capillary and chemical, either act to repel or attract the tip, and are 
proportional to the deflection of the cantilever. Thus the topography can be directly measured 
from the cantilever’s deflection.63 
 
1.3.2 AFM Regimes 
 
There are two main regimes for AFM, contact mode and dynamic mode. In contact mode, the 
tip is in constant contact with the sample surface. The repulsive regime is commonly 
maintained, where the tip applies a force to the sample, and the sample applies an opposite 
force to the tip. The set-point is a force applied externally to control the forces between the tip 
and the sample surface. For set-point forces greater than zero, a repulsive force results, whilst 
a negative set-point leads to an attractive force (see figure 1.6).  
 
 
Figure 1.6. Illustrative diagram showing the force vs distance relationship between the tip and the 
sample. The operating regimes of contact and noncontact AFM modes is shown.  
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In contact mode, the forces can result in either the sample or the tip changing or becoming 
damaged whilst the tip is scanning over the surface. To avoid this deformation issue, a dynamic 
mode can be employed where the probe is oscillated externally at or close to its fundamental 
resonance frequency. There are two main dynamic modes, amplitude modulation and 
frequency modulation, also referred to as non-contact AFM, although the latter will only be 
mentioned briefly here. In dynamic modes, the AFM cantilever is positions with the sharp tip 
close to the sample surface and is oscillated at or close to its fundamental resonance frequency. 
 
Changes to the amplitude oscillation are used in intermittent contact mode (IC-AFM), also 
known as tapping mode, where high amplitudes of oscillation (typically 20 – 100 nm) are 
applied under ambient conditions.64 In IC-AFM the large oscillation amplitude drives the probe 
from being far away from the surface, through the attractive regime, into the repulsive regime, 
and back, with each oscillation cycle. When the cantilever is in close proximity to the surface, 
the oscillation amplitude, phase and resonance frequency are changed due to tip-sample 
interaction forces. The detected changes in the oscillation with respect to the external reference 
oscillation are used as a feedback signal to provide information about the sample’s topography. 
A feedback loop is used to maintain a constant cantilever oscillation amplitude. The small 
probe to sample forces involved in IC-AFM are ideal for imaging biological samples and was 
the primary mode of use in this thesis.  
 
Frequency modulation (FM-AFM) is typically used in ultra-high vacuum conditions (UHV) 
with small oscillation amplitudes in the non-contact regime (NC-AFM).63 FM-AFM operates 
in the attractive regime only and in this regime changes to the resonance frequency are used to 
produce an image.  
 
1.3.3 Imaging Biological Samples 
 
AFM allows for imaging of biological samples adsorbed onto substrates such as glass or mica, 
particularly in physiological conditions without labels. Mica is particularly widely used due to 
its atomically flat surface which can be obtained by cleaving or peeling a layer of mica prior to 
depositing a sample.65  
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However, mica is highly negatively charged, and early research was limited by the motion of 
molecules under the force of a scanning tip.66 It was therefore necessary to develop a reliable 
method to increase the affinity of the DNA for the surface. As such, it is now common that 
divalent cations, typically MgCl2 or NiCl2, are added to the deposition buffer, or to the mica 
itself as a pre-treatment, to overcome the repulsion between the surface and negatively charged 
DNA. This has been described as a weak electrostatic attachment of the DNA to the surface.67 
A similar approach is taken with protein adsorption for negatively charged proteins, however, 
if monovalent cations are present in the buffer solution, competition between these and the 
divalent cations can result in a lack of adsorption to the mica surface.68 Any decrease in the 
polyelectrolyte surface charge density will result in less multivalent counterions mediating the 
adsorption process and can result in unsatisfactory adsorption of analytes.  
 
Buffer composition was also found to be important for the adsorption of DNA to mica, with 
HEPES-Mg buffer exhibiting good adsorption, while Tris-Mg-K buffer adsorbed much less 
DNA, and Tris-EDTA did not adsorb DNA at all.69 Indeed, in the experiments undertaken in 
this thesis, a HEPES-MgCl2 buffer was used to overcome the negative charge on the mica 
surface, and resulted in good adsorption of DNA and DNA-p53 complexes.  
 
Another method of attaching DNA to mica is to use chemical functionalisation of the surface. 
In particular, silanisation of mica, with silanes such as aminopropyltriethoxy silane (APTES), 
functionalise it with amine groups which protonate at neutral pH.66 Indeed, silanisation holds 
molecules in place in liquid, and buffer composition has been shown to be less important for 
DNA adsorption onto silylated mica than onto bare mica.69 
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1.4 Nanopores 
 
Nanopore research was initially driven by the aim of next generation DNA sequencing.70–77 
Early key developments included distinguishing between different lengths and conformations 
of DNA molecules,78–80 whilst protein detection, DNA-protein complexes and RNA-drug 
complexes are amongst other novel uses that have recently been explored.81–88 The following 
sections describe the background of nanopores, the principles behind the translocation of DNA 
and applications of this powerful sensor.  
 
1.4.1 Origins of Nanopore Sensing 
 
The origins of nanopore sensing techniques lie in the Coulter Principle, a resistive-pulse 
sensing method with powerful detection capabilities, allowing for characterisation of micro- 
and nano-scale analytes. Developed by Wallace H Coulter in the late 1940s as a counting 
method for blood cells, Coulter counting uses the changes in electrical resistance that occur 
when a molecule or object passes through a small, electrolyte-filled pore.  
 
When an electric field is applied across the pore, the electrolyte provides a flux of ions such 
that the conductance across the pore, the highest resistance within the system, can be measured.  
An object passing through the pore displaces electrolyte of an equal volume,89 causing a short 
change in the conductance and providing a measure of the object’s volume.  
 
This simple sensing method allows for characterisation not only of the volume of the object, 
but also the concentration and the velocity of the particle in the pore by the number of resistive-
pulses and their corresponding duration respectively.90,91 In 1994, an ion channel incorporated 
into a lipid bilayer membrane was used as the first demonstration of the Coulter principle for 
detection and counting of polymers.92 This marked the beginning of the transition to the 
nanoscale for the Coulter Principle. 
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1.4.2 Biological Nanopores 
 
In 1996, a biological pore of Staphylococcal α-haemolysin (α-HL) protein was successfully 
used to electrophoretically translocate single-stranded DNA (ssDNA) and RNA molecules. 93 
Since then, biological pores have been used extensively for single molecule sensing,94–97 with 
the ultimate goal of sequencing DNA with single base accuracy.98  
 
The α-HL nanopore is a β-barrel protein that is formed by seven identical subunits which 
spontaneously forms a cylindrical, rigid, highly reproducible pore in a lipid bilayer 
membrane.99 At its narrowest constriction, the α-HL pore has a transmembrane diameter of 
roughly 1.4 nm, which can accommodate ssDNA, but not dsDNA.100  
 
Other biological pores that have been investigated for their single molecule sensing 
applicability include Omps, single peptide strand β-barrel proteins found in Gram-negative 
bacteria, which can be  monomers or dimers in the case of OmpG,101 or trimers like OmpF,102 
and the MspA pore from Mycobacterium smegmatis.73,103 Indeed, the MspA pore has recently 
been shown capable of reading up to 4500 bases of DNA corresponding to the phi X 174 
genome, providing evidence of long DNA reads with nanopore sensors.76  
 
1.4.3 Solid-State Nanopores 
 
While biological pores have been successfully employed as described above, solid-state 
nanopores have also been extensively used since 2001, due to their adaptability for lab-on-chip 
device integration.104 Indeed, the disadvantages of biological nanopores, such as fixed size and 
limited stability, are two properties which solid-state nanopores can overcome.105 Biological 
pores, and the lipid bilayers into which they are embedded, can become unstable if changes 
occur in pH, salt concentration, temperature, and mechanical stress.106 Solid-state nanopores 
are more robust and durable, and can be designed with a control over the diameter and channel 
length of the pore. Additionally, surface properties of solid-state pores are adjustable through 
chemical modification.107 Through the choice in design of solid-state nanopores, the sensors 
can be tailored to enhance the detection of the analyte of interest. This also means that solid-
state nanopores can detect dsDNA and other analytes that are larger than the pore sizes of 
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biological pores. There are, however, still challenges with reproducibility of solid-state pore 
fabrication with the precise dimensions.108  
 
Notable achievements in the solid-state nanopore field include distinguishing the length of 
dsDNA molecules by dwell times,109 measuring forces on DNA during translocation by means 
of optical tweezers,110 analysing DNA/protein and RNA/drug complexes,81,86 and interrogation 
of individual proteins.83,111–114 The following sections will discuss the process of translocation 
and applications of solid-state nanopores. 
 
1.4.4 Translocation Principles 
 
1.4.4.1 Electrophoresis in Nanopores  
 
The nanopore provides the only connection between two compartments containing electrolyte 
solution, see figure 1.7. The electrolyte used in most nanopore experiments, KCl, provides ions 
that create a flux when a potential is applied across the membrane by two non-polarisable 
electrodes. The resulting steady-state electric current provides the basis for the sensing 
capabilities of nanopore devices.  
a. 
 
b.
 
Figure 1.7. a. The schematic shows a nanopore with both K+ and Cl- ions in solution, with a DNA 
strand translocating through the pore to the reservoir on the other side. The potential is applied by 
Ag/AgCl electrodes. b. shows an example current-time trace from a typical DNA translocation. The 
current level maintains a constant steady-state, then upon introduction of a DNA strand into the pore 
the current level decreases until the DNA exits the pore, whereupon the current level returns to its 
original steady-state.  
I
t
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The potential drops in a nanopore system can occur at the electrode/solution interfaces, across 
the solution and across the pore itself. The potential drop at the electrode/solution interfaces is 
small if (ideal) non-polarisable electrodes are used, and as such, Ag/AgCl electrodes are 
commonly used in nanopore experiments. The solution resistance is small if the conductivity 
of the electrolyte is high, as is the case with KCl concentrations between 0.1 and 1 M that are 
routinely used in nanopore experiments. The pore resistance, generally in the MΩ-GΩ range, 
is therefore considerably larger than that of the solution and the electrolyte/solution interfaces, 
and thus any changes in potential are predominantly at or in the vicinity to the pore. It can 
therefore be assumed that the potential drop across the pore is approximately equal to the 
applied potential. Only if the nanopore has a very short length, equivalent to the membrane 
thickness, will the pore resistance become small. In this case the resistance of the solution 
outside the pore, known as the access resistance, and the associated potential drop becomes 
dominant.115 The access resistance is further described in 1.4.4.2. 
 
When a charged analyte, such as DNA, is added to one chamber, diffusion governs the 
movement towards the pore. When in close proximity to the pore, the potential gradient will 
‘capture’ the DNA and drive it into and through the pore aperture. Significant changes in the 
pore conductance result from the transient blockade of the pore by the analyte. The 
corresponding change in ionic current is characteristic of the analyte and can elucidate 
information about its size, conformation and concentration. Once the analyte leaves the pore, 
the current returns to its original steady-state.116 This can be seen in figure 1.7 b.  
 
The electrical conductance, is a measure of the ease of a system to pass electrical current. The 
conductance of a cylindrical nanopore can be given as:117 
 
𝐺 = 𝜎
𝐴
𝑙
= 𝜎
𝜋𝑑𝑝𝑜𝑟𝑒
2
4𝐿𝑝𝑜𝑟𝑒
                                                                  (1.1) 
 
Where, 𝑑𝑝𝑜𝑟𝑒 and 𝐿𝑝𝑜𝑟𝑒 are the pore diameter and the length of the pore, respectively. It is 
often assumed that the conductivity, 𝜎, of a nanopore filled with aqueous KCl solution is the 
same as the conductivity of the bulk solution at 20°C such that:118 
 
𝜎 = (𝜇𝐾 + 𝜇𝐶𝑙)𝑛𝐾𝐶𝑙𝑒                                                               (1.2) 
38 
 
 
 
Where 𝜇𝐾 and 𝜇𝐶𝑙 are the electrophoretic mobilities of K
+ and Cl- ions respectively, with values 
of 7.616 x 10-8 m2/Vs, and 7.909 x 10-8 m2/Vs.  𝑛𝐾𝐶𝑙 is the number density of potassium or 
chloride ions and e is the elementary charge (1.602 x 10-19C). 
 
1.4.4.2 Access Resistance 
 
In the case of very thin membranes, where the pore channel is very short, the pore resistance 
can be small, and the total resistance can be dominated by the access resistance. The access 
resistance is the contribution of the electric field lines converging to the entrance of the pore 
from the bulk electrolyte. Hille first provided a solution for the access resistance, in a treatment 
identical to calculating the spreading resistance in metallic wires.119 The pore entrance was 
approximated as a hemisphere of the same radius as the pore, although the contribution of the 
hemisphere itself was assumed to be negligible. Later, Hall calculated the access resistance 
based on the resistance between a spherical electrode at infinity and a planar disk electrode, 
representing the pore entrance.120 This treatment includes the hemisphere contribution, which 
Hall argued was generally not small. As such the access resistance can be written as: 
 
𝑅𝑎𝑐𝑐𝑒𝑠𝑠 =
1
𝜎 2𝑑𝑝𝑜𝑟𝑒
                                                          (1.3) 
 
Therefore, considering that the convergence effects occur at both ends of the pore, and 
assuming that the system is symmetric, the total resistance of the nanopore can be written as: 
 
𝑅 = 𝑅𝑐ℎ𝑎𝑛𝑛𝑒𝑙 + 2𝑅𝑎𝑐𝑐𝑒𝑠𝑠                                                    (1.4) 
 
Which leads to the following equation of the pore conductance:117 
 
𝐺 = 𝜎 (
4𝐿𝑝𝑜𝑟𝑒
𝜋𝑑𝑝𝑜𝑟𝑒2
+
1
𝑑
)
−1
                                                         (1.5) 
 
The above equation highlights the relative contribution of the access resistance to the total pore 
resistance. The Hall access resistance is a factor of 𝜋/2 larger than the access resistance 
according to Hille. Although both are approximations to the real nanopore system, eq. 1.5 has 
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been successfully utilised with a good agreement between theory and experimental data. For 
small 𝐿𝑝𝑜𝑟𝑒 and small 𝑑𝑝𝑜𝑟𝑒, the access resistance contribution is significant.  
 
1.4.4.3 Surface Charge Effects 
 
The surface charge of a nanopore can greatly influence ion transport and, therefore, the process 
of translocation. Most surfaces immersed in a polar solution will carry a charge which is due 
to the stabilising effect of the solvent on the ions. For any charged surface, including biological 
species such as DNA, mobile ions in solution will be attracted to the surface due to electrostatic 
interactions, and will compensate the charge. The distribution of ions at a charged surface will 
therefore be different from the bulk solution, where thermal motion will tend to distribute the 
ions homogeneously.  
 
For the case of nanopores with silicon oxide and silicon nitride membranes immersed in KCl, 
the surface charge density is typically negative due to ionised hydroxyl or oxide groups.115 At 
this negative interface, the concentration of potassium ions, K+, increases, while the 
concentration of chloride ions, Cl-, decreases at the pore walls, resulting in an electric double 
layer. This layer maintains an overall electroneutral system, but upon application of an electric 
field, it can contribute to the ionic current.  
 
The Debye length, 𝜅−1, varies from 1 µm in pure water, to roughly 1 nm and 0.3 nm in 0.1 M 
and 1 M monovalent salt solution respectively.115 It is therefore an important factor in the 
nanopore conductance, especially at low salt concentrations or small pore diameters. 
Furthermore, at very small pore sizes or low electrolyte concentrations, the electric double 
layers of the walls can overlap, thereby removing the condition of bulk neutrality from the 
centre of the pore.121 If this overlap occurs, and the surface charge of the nanopore exceeds that 
of the DNA, the DNA cannot translocate and sensing becomes impossible. This highlights the 
importance of controlling the surface charge of nanopores.  
 
At lower salt concentrations, the local excess of counterions contributes significantly to the ion 
transport within the nanopore. Thus, the ionic conductance of a nanopore is governed by both 
the bulk solution conductivity and the surface charge induced conductivity. Assuming a 
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cylindrical nanopore, the overall conductance for a high aspect ratio pore (𝐿𝑝𝑜𝑟𝑒>>𝑑𝑝𝑜𝑟𝑒), and 
negative surface charge immersed in KCl electrolyte can be given as:122 
 
𝐺 =
𝜋
4
𝑑𝑝𝑜𝑟𝑒
2
𝐿𝑝𝑜𝑟𝑒
((𝜇𝐾 + 𝜇𝐶𝑙)𝑛𝐾𝐶𝑙𝑒 + 𝜇𝐾
𝜎𝑠
∗
𝑑𝑝𝑜𝑟𝑒
)                                            (1.3)                       
 
Where 𝜎𝑠
∗ is the surface charge density. The first term represents the bulk conductance of KCl, 
while the second represents the surface charge contribution of the conductance. At high KCl 
concentrations where 𝑛𝐾𝐶𝑙 ≫ 2𝜎𝑠
∗ 𝑑𝑝𝑜𝑟𝑒⁄  ∙ 𝑒, the first term dominates and the conductance 
observes the bulk behaviour. However, for lower concentrations of electrolyte, higher surface 
charge densities or smaller pore diameters, surface charge effects begin to govern the nanopore 
conductance and a deviation from bulk behaviour is observed. The above model describes the 
nanopore conductance accurately for salt concentrations between 1 µM and 1 M, while 
concentrations below 1 µM were not investigated.  
 
1.4.4.4 Electroosmosis 
 
The translocation of DNA and other charged analytes is considered to be an electrophoretically 
driven process. However, depending on the salt concentration and the pore size, electroosmosis 
can play a role. Electroosmosis is the movement of electrically neutral liquid adjacent to a 
charged wall, when an electric field is applied parallel to the interface. Assuming a negatively 
charged pore wall in KCl solution, the excess K+ ions at the pore wall create a flow of ions 
which drag their solvation shells along.123 This results in a net flow of the liquid in the direction 
of the applied potential.   
 
Electroosmotic effects can depend on the surface properties of the nanopore, and the analyte, 
as well as the electrolyte solution and the length of the nanopore. Indeed, electroosmosis can 
act either in the same or the opposite direction of the electric field and is more prominent in 
longer nanochannels where the flow profile has more time to develop fully.124 Whilst nanopore 
experiments with DNA are less influenced by electroosmotic effects, largely due to the large 
fixed charge on DNA, proteins have a more variable charge and have been seen to exhibit a 
dependence of translocation direction depending on the relative magnitudes of electrophoresis 
and electroosmosis forces.113 
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1.4.4.5 DNA Capture 
 
The process of DNA approaching the nanopore and undergoing successful translocation 
through it is typically described in three stages: 1. Diffusion/Drift, 2. Capture, 3. 
Translocation.125 The capture rate, or frequency of translocation, can be described as the 
fraction of polymers that undergo successful translocation. This parameter depends on polymer 
length and concentration, pore geometry, salt concentration across the pore, surface chemistry 
of the pore and applied potential.  
 
 
In the bulk solution in the reservoirs, the polymer diffuses freely, until it impedes the capture 
radius. Within the capture radius, the motion of the polymer will be governed by drift, due to 
the externally imposed electric field, and the interaction of electrophoresis and electroosmosis 
forces.  
 
The polymer is initially in a coiled conformation in thermal equilibrium and at maximum 
entropy. The degrees of freedom of the polymer will be significantly reduced when it enters 
the nanopore. It is, therefore, entropically unfavourable for a polymer to enter a nanopore by 
means of thermal fluctuations alone. This can be overcome in nanopore experiments with 
charged molecules by applying an electric field across the pore. 
 
 
Figure 1.8. Illustrative figure of the approach and translocation of a DNA molecule. a. shows the 
molecule diffusing freely, b. shows the DNA molecule as it is captured by the electric field and drifts 
towards the pore, c. shows the required conformational change of uncoiling and threading of the 
polymer into the narrow pore in order to translocate through and d. shows the DNA molecule after 
translocation where the polymer is released into the reservoir. 
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To enter the nanopore, the polymer may undergo a conformational change to an elongated state 
where the DNA can thread into the pore. This uncoiling process requires overcoming an 
entropic activation barrier. Only when a number of monomers have entered the pore can the 
polymer undergo further translocation.   
 
There are two major regimes which define the effect of the entropic barrier at the pore on the 
translocation of DNA, namely the Ogston regime, and the entropic trapping regime, which are 
illustrated in figure 1.9.  
 
These regimes are both strongly dependent on the radius of gyration (𝑅𝑔) of the polymer 
relative to the nanopore diameter. The radius of gyration defines the typical size of the 
fluctuating random coil which a free DNA molecule adopts in solution.126 
 
Figure 1.9. Illustrative figure demonstrating the two major regimes of the entropic barrier effect. a. 
gives an example of the Ogston regime, where the DNA molecule has a 𝑅𝑔 <
1
2
𝑑𝑝𝑜𝑟𝑒. It therefore 
does not need to uncoil to pass through, which reduces the entropic barrier and allows for the coiled 
DNA to pass through in a fast translocation, as demonstrated by the I-t graph below. b. shows an 
example where 𝑅𝑔 ≥
1
2
𝑑𝑝𝑜𝑟𝑒, therefore the DNA molecule must undergo a conformational change 
to thread into the pore. This requires overcoming an entropic barrier, and DNA has to stretch to travel 
through the pore, in a partially linear manner. As shown by the I-t graph, the resulting translocation 
events are slower. 
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As such, if a DNA molecule is smaller than the pore diameter, 𝑅𝑔 <
1
2
𝑑𝑝𝑜𝑟𝑒, the Ogston regime 
is dominant.127 Here, the DNA molecule migrates through the pore without altering its 
conformation.126 In this case, fast translocation events are observed as the polymer passes 
through the pore without uncoiling. The capture rate will only be limited by the time taken for 
the DNA to arrive at the nanopore and therefore is diffusion or drift limited. For solid-state 
pores, the capture rate increases linearly with polymer concentration and decreases with 
increasing polymer length for in a diffusion limited regime. The capture rate is independent of 
polymer length, and linearly proportional to the polymer concentration and the applied electric 
field for drift limited capture.125  
 
Alternatively, when the DNA molecule is comparable or larger than the pore diameter, 𝑅𝑔 ≥
1
2
𝑑𝑝𝑜𝑟𝑒, the entropic trapping regime results. The molecule must uncoil and thread into the pore 
in order to pass through. Thereby the DNA molecule will be at least partially linearised and 
slower translocation times will be observed.127  
 
1.4.4.6 Conductance Modulation 
 
Upon entering the pore, DNA displaces a volume of electrolyte equal to its own, and the result 
is a reduction or enhancement of the ionic current. This change in the ionic current is dependent 
on the salt concentration. The DNA backbone charge is shielded by counterions that add a 
positive contribution to the ionic current when they are carried into the pore with the DNA. 
The introduction of counterions with the DNA then increases the charge carriers available for 
ionic transport. These effects on the change in conductance due to translocation of DNA can 
be described as:122 
∆𝐺 =
1
𝐿𝑝𝑜𝑟𝑒
(−
𝜋
4
𝑑𝐷𝑁𝐴
2 (𝜇𝐾 + 𝜇𝐶𝑙)𝑛𝐾𝐶𝑙𝑒 + 𝜇𝐾
∗ 𝑞𝑙,𝐷𝑁𝐴
∗ )                                 (1.4) 
 
Where 𝑑𝐷𝑁𝐴 is the diameter of the DNA molecule (2.0 nm)
128, 𝜇𝐾
∗  is the effective 
electrophoretic mobility of potassium ions moving along the DNA, and 𝑞𝑙,𝐷𝑁𝐴
∗  is the effective 
charge on the DNA per unit length, which is assumed to be constant. The first term represents 
the bulk behaviour, which for high salt concentrations leads to negative change in conductance 
for translocating DNA. When the salt concentration decreases significantly, the second term 
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becomes larger than the first, thus the counterions that are added to the current by the DNA 
lead to a positive change in the conductance. This can be explained by considering that the 
counterions of the DNA backbone introduce extra charge carriers into the pore, and the result 
in an increase in ionic current.129 This effect has been seen to occur at salt concentrations below 
400 mM.122 
 
This relationship can be used for nanopores where the pore length and diameter are of the same 
order of magnitude,121 and results in a linear relationship for Δ𝐺(𝑛𝐾𝐶𝑙), such that the parameters 
𝜇𝐾
∗  and 𝑞𝑙,𝐷𝑁𝐴
∗  can be obtained from experimental data from the point where Δ𝐺 = 0. Smeets 
and co-workers obtained a value for the effective charge on the DNA per unit length of 
𝑞𝑙,𝐷𝑁𝐴
∗ = 0.58 ± 0.02 e−/bp. This is in agreement with direct measurement of the effect 
charge of DNA as determined by Keyser et. al. of 𝑞𝑙,𝐷𝑁𝐴
∗ = 0.50 ± 0.05 e−/bp, which is 75% 
reduction of the DNA bare charge.110 
 
1.4.5 Applications of Solid-State Nanopores 
 
Initial experiments with solid-state nanopores involved successful attempts at detecting 
dsDNA.78,130,131 An interesting finding from these investigations was that different states of 
DNA folding could be detected from multiple discrete current levels within a translocation 
event, as shown in figure 1.10. As the DNA molecule folds on itself and passes through the 
pore, an increase in the magnitude of the current blockade is observed for that part of the event. 
These folded translocation events were also shorter in dwell time when compared to those for 
fully linear DNA, which ruled out the possibility of two separate dsDNA strands passing 
through the pore at the same time. The blockade events for circular dsDNA were observed to 
produce a current level approximately equal to that proposed as one folded dsDNA molecule 
with two parallel strands of linear dsDNA, as shown in figure 1.10.131  
 
Although this folding effect has been observed in nanopores with diameters of the order of 10 
– 15 nm, a nanopore that has a diameter comparable to the diameter of dsDNA will only allow 
a translocation of DNA in a linear manner, thus in such cases only a single level of current 
blockade will be observed.130 Additionally, it was observed by Chen and co-workers, that upon 
increasing the applied voltage, the percentage of multi-level events decreases significantly, 
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which was rationalised as a greater number of molecules becoming completely linear before 
passing through the pore.  
 
 
Nanopore sensing is increasingly being used to explore a wide range of biological species. 
Nanopores have been used to detect proteins such as BSA, fibrinogen, ovalbumin, avidin and 
streptavidin among others.111,113,132,133 Protein unfolding was shown through thermal, chemical 
and electric field effects, such that the electric field at high voltages was suggested to unfold 
native proteins.114This demonstrated that the electric field could act as a powerful denaturant 
which was capable of overcoming the molecular forces that held the proteins together. There 
are potential applications for this knowledge in manipulating the electric field in a nanopore 
experiment to examine the folding, structural instability and binding kinetics of proteins. 
 
One issue for protein detection is the prevention of non-specific protein-pore interactions. 
Yusko and co-workers applied a fluid lipid bilayer with fluid capture sites to a nanopore to 
 
Figure 1.10. shows a schematic displaying three types of translocation events. The event on the left 
illustrates a one-level change in current corresponding to linear DNA translocating through a 
nanopore; the middle event illustrates a DNA translocation where the DNA is initially folded upon 
entering the pore, but becomes linear at the end of the translocation; and the event on the right shows 
a trace corresponding to the DNA being completely folded in two for the full duration of the 
translocation. Notably, the events decrease in event duration, or dwell time, as the DNA exhibits a 
higher degree of folding. A schematic of the DNA molecules translocating through a nanopore are 
given above each corresponding event. 
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reduce these protein-pore interactions.88 The coating provided sub-nanometre control on the 
pore diameter, and the incorporation of mobile ligands in the bilayer resulted in highly specific 
sites which enhanced the determination of dwell times of protein by slowing movement through 
the pore. This also reduced pore clogging and increased event frequency. 
 
Indeed, the speed of DNA translocation is very quick, in the range of 10 – 100 nucleotides/µs, 
with many methods being proposed for slowing down the molecules. These include addition 
of glycerol to increase the viscosity of the solution, although this results in a lower signal-to-
noise ratio (SNR), while changing the electrolyte from KCl to LiCl has been shown to slow the 
translocation speed of DNA by enhancing the screening effect on the DNA, thereby reducing 
the effective charge.72,134 For sequencing based applications, nanopores require a reduction of 
the time spent by each base pair inside the pore to ≥ 1 ms,97 either by methods such as those 
discussed here, or by improving the electrical detection apparatus currently available.108 
 
A particular interaction of interest to this research is that of dsDNA coated with RecA protein, 
which was demonstrated to exhibit conductance blockades of 14 times larger than that of bare 
dsDNA.81 Smeets and co-workers showed conductance blockades of ∆𝐺𝑅𝑒𝑐𝐴 = 11.4 ± 0.7 nS 
for translocations of λ-DNA coated with RecA compared to ∆𝐺𝐷𝑁𝐴 = 0.8 ± 0.1 nS for bare λ-
DNA. The authors were able to use this increase in conductance between bare and coated DNA 
to estimate the diameter of RecA by assuming the high salt approximation where the bulk 
conductance can be used such that: 
∆𝐺𝑅𝑒𝑐𝐴
∆𝐺𝐷𝑁𝐴
= (
𝑑𝑅𝑒𝑐𝐴
𝑑𝐷𝑁𝐴
)
2
                                                        (1.5) 
 
Where the diameter of DNA, 𝑑𝐷𝑁𝐴 = 2.0 nm, and 𝑑𝑅𝑒𝑐𝐴 was calculated to be 7.5 ± 0.5 nm. This 
value compared well to the cross section determined from crystal structure data.  
 
This study was further developed by Kowalczyk et al. who distinguished between partially 
coated dsDNA with RecA, and bare dsDNA.135 Furthermore, they demonstrate the mapping of 
locations of protein along the length of single molecules is possible using nanopore sensors. 
These discrete coatings were discernible by the difference in conductance blockades between 
bare and coated DNA sections. Notably the translocation times observed for these analytes 
were comparable. The maximum obtained spatial resolution was approximately 8 nm, 
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corresponding to 5 RecA proteins bound to 15 base pairs of dsDNA. They obtained such high 
resolution by reducing the applied voltage to around 10 – 15 mV across a pore with a diameter 
of 30 nm and a length of 20 nm.  
 
These two studies of RecA-coated dsDNA are particularly interesting as they demonstrate the 
ability to distinguish between partially coated and bare dsDNA, and provide useful points of 
consideration, such as very low applied voltages. However, as the study in this thesis involves 
p53 binding to dsDNA, which may involve only one protein bound per molecule, achieving a 
similar distinction between bare dsDNA and p53-DNA complex is challenging.  
 
1.5 Summary 
 
In this chapter, the importance of the p53 protein in the cell cycle has been discussed, in 
addition to the p53-DNA interaction which has been examined by many researchers using 
different methods. The most recent developments in the understanding of how p53 finds its RE 
sequences in vivo and in vitro have been found by utilising single molecule detection methods 
which allow researchers to probe the interaction on a molecule-by-molecule basis. These 
developments have shown that p53 slides along DNA, and that it switches between a search 
mode and a recognition mode. Additionally, the specific and non-specific interactions of p53 
with DNA have been examined. The benefits of single molecule detection methods have been 
discussed. The background theory for the methods used in this thesis, AFM and nanopores, 
have been described. Additionally, the novel uses of nanopores have been mentioned, as well 
as the key developments in the field.  
 
It can be seen that single molecule methods such as AFM can be used to the advantage of a 
researcher to probe an interaction one molecule at a time. Nanopore sensors have also been 
proposed as a novel method for determining interactions in liquid, without labels and in real-
time. The remainder of this thesis will examine the studies undertaken with biological 
techniques, AFM and nanopores to determine the statistics of the p53-DNA interaction.  
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Abstract 
 
This chapter details the biological techniques used throughout this research. This is followed 
by the physical chemistry techniques used to prepare and characterise the experimental setups, 
and the methods used for undertaking experiments and processing acquired data. 
 
 
 
 
58 
 
 
 
2.1 Biological Techniques                                  
 
2.1.1 Ligation and Cloning 
 
Three sets of DNA oligomers were purchased from Sigma Aldrich for use in ligation and p53 
binding experiments and are shown below. The short fragments were used for gel 
electrophoresis experiments. However, for AFM and nanopore experiments, longer DNA 
samples were required. Therefore the fragments were ligated with digested plasmid DNA to 
create longer, roughly 5.3 kbp DNA samples.  
 
26bp DNA: 
 
5’-AATTCATAATTGGGCAAGTCTAGGAA-3 
5’-AGCTTTCCTAGACTTGCCCAATTATG-3’; 
36bp DNA: 
 
5’-AATTCATAATTGGGCAAGTCT|GGGCAAGTCTAGGAA-3’ 
5’-AGCTTTCCTAGACTTGCCC|AGACTTGCCCAATTATG-3’. 
47bp DNA: 
 
5’-AATTCATAATTGGGCAAGTCTAGGAAATAATTGGGCAAGTCTAGGAA-3’ 
5’-AGCTTTCCTAGACTTGCCCAATTATTTCCTAGACTTGCCCAATTATG-3’ 
 
The oligomers were hybridised to dsDNA response elements (REs). The 26bp RE consists of 
one half-site of a consensus binding sequence (shown in bold) taken from Cho et.al.1 The 
additional base pairs are to facilitate ligation into the chosen plasmid at specific restriction sites, 
and were used for all fragment samples. The 36bp RE consists of one full consensus binding 
sequence, composed of two half-sites identical to that used for the 26bp RE. The line in the 
sequence indicates the point where the two half-sites meet. The 47bp RE was designed with 
two half-sites of the same consensus binding sequences as above, with an additional 11 base 
pair gap between them.   
 
The concentrations of the hybridised dsDNA samples were measured by UV-vis spectroscopy, 
as described in 2.2.1.  
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A pET-24a-d(+) plasmid (Novagen)2  of 5310 bp length containing kanamycin as the selectable 
marker (henceforth referred to as pET24a, Figure 2.1) was used in cloning and ligation 
experiments. Plasmid DNA is often a closed circular DNA (cc-DNA), which is the case here.3  
 
 
 
 
 
Figure 2.1. a. The map of pET24a which shows the specific sites at which restriction enzymes act, in 
addition to the kanamycin selectable marker. b. shows the cloning/expression region of the pET24a 
plasmid, where the red box highlights the specific amino acids which are removed upon digestion with 
the restriction enzymes EcoR I and Hind III. Figure reprinted from Ref 2. 
a. 
 
b. 
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The pET24a plasmid was first transformed in XL10-Gold E.coli (Agilent Technologies) 
competent cells and cloned on LB agar (Merck) plates with kanamycin at 37 °C. Colonies were 
picked and grown overnight in LB Broth (Merck) and kanamycin at 37 °C. Centrifugation 
allowed for removal of excess liquid and the pelleted bacteria was lysed before the supernatant 
was applied to the QIA prep spin column (Spin Mini Prep Kit, Qiagen). Pure pET24a plasmid 
DNA was eluted with elution buffer, 10 mM Tris-HCl, 1 mM EDTA, pH 8.0.  
 
The pET24a plasmid was digested with restriction enzymes EcoRI and HindIII (Promega) 
which digest specific sites of the plasmid, see figure 2.1b, to remove a 19 bp fragment and 
result in linear DNA. 20 µL of digestion mixture consisted of pET24a, the aforementioned 
restriction enzymes, buffer E (a compatible buffer for both restriction enzymes, Promega) and 
BSA (which is used to stabilise the enzymes). This mixture was incubated at 37 °C for 4 hours 
and applied to a QIAquick spin column (QIAquick PCR Purification kit, Qiagen) to extract the 
digested DNA from the mixture. The purified DNA sample was eluted in 10 mM Tris-HCl, 1 
mM EDTA, pH 8.0.   
 
Agarose gel electrophoresis was used to confirm that linear DNA was obtained. Briefly, 0.8 % 
Agarose gels, 7 cm x 10 cm, were loaded with 1 µL of DNA and electrophoresed in 1x TAE 
(40 mM Tris-HCl, 20 mM acetic acid, 1 mM EDTA, pH 8.0) at 22 °C, with an applied field of 
5 V/cm for 1 hour. 
 
Digested pET24a, ‘pET24aD’, was used for ligation experiments with the three DNA RE 
fragments. T4 DNA ligase and T4 ligase buffer (50 mM Tris-HCl, 10 mM MgCl2, 1 mM ATP, 
10 mM DTT, pH 7.5, New England Bio Labs Inc.) was added to pET24aD, the chosen DNA 
fragment, and additional ATP (10 mM) to a total volume of 10 µL which was subsequently left 
overnight at 4 °C. The ligation mixture was then transformed in XL10 Gold E.coli and cloned 
as described above. The bacteria cells were lysed and the supernatant was applied to a 
QIAquick spin column. All purified DNA samples were eluted as above.  
 
Sequencing was performed to confirm that ligation was successful, see Appendix I. Samples 
obtained were subsequently named 26DNA, 36DNA and 47DNA, corresponding to RE 
fragments 26bp, 36bp and 47bp respectively.  
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These samples were digested with restriction enzyme BamH1 to give linear DNA REs with the 
consensus fragment 6 bp away from the end (see figure 2.2). The same procedure for digestion 
was used as described previously; except that buffer SB was used in place of buffer E. Agarose 
gel electrophoresis, as described above was used to confirm linear DNA was obtained.   
 
 
2.1.2 p53-DNA Binding Assay 
 
For electrophoretic mobility shift assays (EMSA), a ‘DNA binding buffer’ consisting of 100 
mM KCl, 20 mM Tris-HCl, 5 mM DTT, 5 mM MgCl2 and 10 % glycerol at pH 7 was used for 
incubation of the p53 protein4 (recombinant, expressed in baculovirus infected Sf21 cells, 
Sigma-Aldrich) and DNA RE fragments to facilitate binding. Complexes were incubated at 22 
± 2 °C for 45 minutes, and then at 4 °C for 30 minutes.  
 
The molar ratios for the p53 protein and DNA in the complexes are given in table 1. The 
fragments were only used for the EMSA experiments, the longer ~5.3 kbp REs were used for 
all other experiments.  
 
 
 
Figure 2.2. Shows a schematic of the BamH1 digestion site position on the ligation samples 26DNA, 
36DNA and 47DNA, and the resulting linear DNA REs with the expected location of the consensus 
binding fragment depicted in blue (6 bp from the end of the DNA strand). 
Table  2.1. p53:DNA Molar Ratios for Complexes for EMSA Studies. 
Complex p53-26bp p53-36bp p53-47bp 
Ratio of p53:DNA 1.2:1 1:1 1.9:1 
BamH1
digest
Consensus fragment
linear DNA
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p53-DNA complexes were also investigated with atomic force microscopy (AFM) to examine 
the binding efficacy and were ultimately translocated through nanopore devices. For these 
experiments, a binding ratio of p53 to RE DNA of 80:1 was used unless otherwise specified. 
Additionally, the binding buffer was removed from these experiments, such that the incubation 
of p53 and DNA was performed in a solution containing their respective buffers of 100 mM 
KCl, 20 mM Tris-HCl, 1 mM DTT, 0.2 mM EDTA, and 20% glycerol, pH 8.0 and 10 mM 
Tris-HCl, pH 8.5. Incubation conditions were consistent with those described above.  
 
2.1.3 Electrophoresis Mobility Shift Assay (EMSA) 
 
DNA RE fragments 26bp, 36bp and 47bp were investigated for binding to p53 protein by 5% 
non-denaturing polyacrylamide gel electrophoresis (PAGE). All electrophoresis experiments 
were conducted in 1x TBE (89 mM Tris HCl, 89 mM boric acid, 2 mM EDTA), 1 mM MgCl2 
at 22 °C, with an applied field of 5 V/cm, unless otherwise stated.  
 
The gel was stained with 50 mL of 3x Gel Red (Biotium) for 30 minutes and subsequently 
destained in distilled water for 10 minutes. Photographs were taken by GelDoc XR+ system 
(BioRad) and analysed using Image Lab software (Version 3.0, BioRad). 
 
 
2.2 Physical Chemistry Techniques 
 
2.2.1 Ultraviolet-Visible (UV-Vis) Spectroscopy 
 
To determine the concentration of DNA and protein samples, and their purity, UV-Vis 
spectroscopy was performed on every sample before use in experiments, using 
NanoDrop™2000 Spectrophotometer (Thermo Scientific) according to the manufacturer’s 
manual.5 Briefly, 2 µL of the sample’s buffer was loaded onto the pedestal and a blank 
measurement was recorded. The pedestal was gently wiped clean afterwards, and dried using 
lint-free laboratory wipes. Subsequently, 2 µL of the DNA or protein sample was loaded onto 
the pedestal, the UV-Vis was recorded.  
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Absorbance for DNA is measured at 260 nm, whilst for protein it is measured at 280 nm. For 
dsDNA, an extinction coefficient of 0.02 (µg/mL)-1cm-1 is generally accepted.6 The molar 
extinction coefficient for p53 of 36035 M-1cm-1 was calculated by ProtParam.7 The ratio of 
absorbance of 260 nm and 280 nm, 260/280, is used to assess the purity of DNA, with a ratio 
of around 1.8 indicating a sample free of protein, phenol, ethanol and EDTA contaminations.5 
Similarly, 260/230 ratios further indicate DNA sample purity with values between 2.0 - 2.2. 
Only DNA samples that adhered to these requirements were used for experiments.  
 
2.2.2 Silver/Silver Chloride (Ag/AgCl) Electrode Preparation 
 
Silver (Ag) wire (0.125 mm diameter, Goodfellow, UK) was cut into 10 cm lengths, immersed 
into 3 M HNO3
 for 2 minutes and subsequently washed with distilled water. The Ag wire was 
electroplated in 3 M KCl by Potentiometry (Gamry Reference 600, Warminster, USA). A 500 
µA input current at a bias of 6 V was applied for 15 minutes per wire. A second Ag wire was 
used as the reference electrode. The following redox reactions during this process are shown 
in eqs. 2.1 and 2.2. The chloridised electrodes (Ag/AgCl) were stored at room temperature and 
used within 24 hours.  
 
Anode:                                𝐴𝑔(𝑠) + 𝐶𝑙−(𝑎𝑞) ↔ 𝐴𝑔𝐶𝑙 (𝑠) + 𝑒−                                   (2.1) 
 
Cathode:                                2𝐻+(𝑎𝑞) + 2𝑒− ↔ 𝐻2(𝑔)                                                      (2.2) 
 
2.2.3 Nanopipette Fabrication 
 
Glass nanopores were fabricated from quartz capillaries with filament (inner diameter: 0.5 mm, 
outer diameter: 1 mm, length: 7.5 cm; Sutter Instruments). Nanopores were pulled on a laser 
pipet puller (P2000, Sutter Instruments), via a two-step programme using parameters: HEAT: 
575, FIL: 3, VEL: 35, DEL: 145 and PULL: 75, followed by HEAT: 700, FIL: 0, VEL: 15, 
DEL: 128 and PULL: 200. The first step pulls a 1.2 mm taper length into the capillary, while 
the second cycle pulls the capillary further to produce the nanopore itself. It should be noted 
that these parameters are highly specific to both the individual instruments and room 
temperature.  
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2.2.4 Nanopipette Set-Up 
 
KCl solutions were made with ultrapure water and filtered using a 0.2 µm syringe filter (Millex 
syringe filters, EMD Millipore) to remove large particulate contamination. Solution was 
introduced into the nanopipette using Microfil tubing (World Precision Instruments) and 1 mL 
plastic syringes (BD 1 ml, Plastipak). The pre-filled pipette was then inserted into a glass vial, 
which was pre-cleaned with 0.2 µm filtered 70% ethanol and autoclaved water, containing 2-3 
mL KCl solution from the same stock as that inside the pipette.  
 
Ionic current was measured with freshly chloridised Ag/AgCl electrodes made from silver wire, 
as described in 2.2.2, where one electrode was inserted into the glass nanopore, the other into 
the solution within the vial. A plastic lid is used to seal the vial, with holes to allow insertion 
of the electrode and pipette, see figure 2.3. DNA was added to the bulk solution in the vial, and 
translocated into the nanopipette. 
 
2.2.5 Nanopore Fabrication 
 
The standard process for nanopore fabrication in the Albrecht group is detailed as follows. 
Photolithography was performed on silicon nitride coated 200 nm thick silicon (100) wafers 
with positive resist AZ1512HS and AZ2400K developer which was diluted with distilled water 
4:1. Reactive ion etching was performed to remove the layer of silicon nitride that was left 
 
Figure 2.3. Illustrative nanopipette set-up. A glass vial is filled with KCl solution, a lid with small 
holes is used to seal the chamber and a pre-filled nanopipette and electrode are inserted through the 
holes in the lid, until the ends are immersed in solution.  
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unprotected by the photoresist. The removal of silicon nitride at the base allowed for 
anisotropic KOH wet etching to remove the bulk of the silicon material to produce a 50 µm2 
free-standing Si3N4 membrane with a thickness of 70 nm in each nanopore platform device. 
See Figure 2.4 for illustration.  
 
Photolithography and KOH etching was performed by Fatma Dogan and Thomas Gibb, while 
Reactive Ion Etching was performed by William Pitchford (Doctoral candidates in the Albrecht 
Group). 
 
 
Focussed ion beam milling (CrossBeam® FIB/SEM system, Carl Zeiss XB1540) was used to 
produce nanopores within the free-standing membranes. Ga+ ions, operating at an acceleration 
voltage of 30 kV, 1 pA beam current, bombard the membrane for exposure times of 1-2 seconds 
and thus create a nanopore with dimensions as small as 20 nm. Scanning electron microscopy 
(SEM) was used to obtain images at an angle of 54 degrees to the device surface. 
 
Nanopore devices used for experiments described in Chapter 6 were obtained from Prof. Ki-
Bum Kim’s group at the Seoul National University, South Korea, see figure 2.5. These devices 
consist of a 18 nm thick Si3N4 free-standing membrane with a quartz substrate.
8 HF wet-etching 
of pyrex is used to form the substrate structure with a hole in the centre of 2 µm diameter. A 
Si3N4 layer was transferred onto the top of the substrate and transmission electron microscopy 
(TEM) was used to mill pores of nominal sizes of 10 – 20 nm.  
 
Figure 2.4. Fabrication steps start with a silicon wafer coated with silicon nitride, followed by 
photolithography and reactive ion etching to remove the parts of the wafer not protected by the 
photoresist. Anisotropic KOH wet etching then creates a free-standing silicon membrane. Finally, a 
focussed ion beam is used to mill a nanopore within the thin Si3N4 membrane which can be as small 
as 20nm. Picture adapted from Wei et al. Small, 6 (13), 2010. 
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Figure 2.5. Illustrative image of nanopore devices from the Kim group. The blue base indicated the 
quartz substrate, whilst the orange represents the SiN free-standing membrane.  Image courtesy of 
the Kim group. 
 
2.2.6 Nanopore Set-Up 
 
Prior to experiments, devices were soaked with 0.2 µm filtered 70% ethanol 30% autoclaved 
water for 5 minutes, then flushed with filtered isopropanol and autoclaved water. This 
procedure was to remove any contaminants from the devices. A PTFE electrochemical cell, see 
figure 2.6, was used to secure the nanopore device with polydimethylsiloxane (PDMS) gaskets 
on either side to reduce any leakages. 
 
Electrolyte solution, 1 M KCl, 10 mM Tris-HCl, pH 8, was introduced into the chambers to a 
total volume of 800 µL, and a Ag/AgCl electrode was positioned in each chamber.  
 
a 
 
b 
Figure 2.6.a. A diagram of the electrochemical cell set up is shown. Electrodes are placed in the cis 
and trans chambers. b. Shows an image of the set up in the laboratory. Screws hold the 
electrochemical cell together. KCl solution is introduced into the cis and trans chambers before 
electrochemical measurements commence. 
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2.2.7 Electrochemical Measurements 
 
A Gamry Reference 600 potentiostat was used to perform conductance measurements. Cyclic 
Voltammetry experiments were performed with freshly prepared Ag/AgCl electrodes in 1 M 
KCl, one electrode served as the working electrode and the second as the counter/reference 
electrode. A bias of -0.5 V to +0.5 V was applied across the working electrode and 
counter/reference electrodes.  
 
2.2.8 Nanopore/Nanopipette Experiment and Data Acquisition 
 
All experiments were carried out with the electrochemical cell or vial placed inside a Faraday 
cage to shield the set-up from external electrical noise. Two different acquisition set-ups were 
used for nanopore translocations.   
 
The first amplifier, an Axopatch 200B patch clamp instrument (Molecular Devices, Sunnyvale, 
USA) was used to record control electrolyte and analyte translocation measurements. The 
second low-noise integrated amplifier, ‘Polimi amplifier’, was developed by Dr Giorgio 
Ferrari’s group, Politecnico di Milano, Italy.9 For recording purposes an Axopatch or a 
Picoscope 4262 (Pico Technology) was used to acquire traces from the Polimi amplifier. All 
planar nanopore experiments were conducted with the Polimi amplifier. The 47DNA 
nanopipette experiments in section 5.2 were performed using the Axopatch instrument, whilst 
the 36DNA and pET24a nanopipette experiments in section 5.3 were conducted with the Polimi 
amplifier.  
 
The same cell, electrode and nanopore/nanopipette, as in cyclic voltammetry measurements 
were used. The reference electrode was connected to the ground and immersed in the cis 
chamber, into which analyte (DNA, or DNA-p53 complex) was added to a final DNA 
concentration of 300 nM for planar nanopore experiments and 100 or 10 pM for nanopipette 
experiments, unless otherwise specified. The working electrode was connected to the headstage 
of the amplifier.   
 
A bias of 35 – 200 mV, and 200 – 800 mV was applied across the nanopores and nanopipettes 
respectively to establish an electric field that was the driving force of the translocation 
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experiment. An applied bias of above 200 mV was found to damage the nanopore membranes 
in the Korean devices.  
 
Current-time traces were sampled at 250 kHz – 1 MHz, and 250 kHz for nanopore and 
nanopipette experiments respectively. The filter frequency varied between 10 and 100 kHz, as 
specified below in Chapters 5 and 6.  
 
To extract statistics of translocation events, such as peak amplitude, dwell time, and charge, 
two different threshold event-detection programs were used. A Clampfit threshold search or a 
custom threshold-based Matlab analysis script was used; the former being used for the 47DNA 
and 47DNA-p53 nanopipette data, whilst the latter was used for all other nanopipette and 
nanopore data. However, both methods follow the same principle: a cutoff value of 5σ 
(standard deviation from the mean value of the current) was employed, unless otherwise 
specified, to exclude > 99 % of the current-time trace baseline and distinguish the translocation 
events from noise. Event statistics and fitting were obtained using OriginPro 9.0. Gaussian or 
log-normal distributions were fitted to peak amplitude, dwell time and charge histograms to 
obtain the most probable values for each analyte at various biases.  
 
2.2.9 Atomic Force Microscopy 
 
All solutions were filtered with 0.2 µm filters (Millex syringe filters, EMD Millipore) to 
remove any large particulates. Samples were freshly prepared for AFM in 10 mM HEPES (pH 
7.6), 4 mM MgCl2, to a total volume of 10 µL. 5 µL of this mixture was applied to freshly 
cleaved 9.9 mm diameter mica (Agar Scientific) and incubated at room temperature for 5 
minutes. The mica was rinsed with 2 mL nuclease free water to remove any buffer, then dried 
under a flow of dry N2. Images were obtained from independently prepared samples more than 
three times.  
 
All AFM images were obtained in air at 22°C with an Agilent Technologies 5500 AFM/SPM 
microscope operating in tapping mode. Commercial “Super Sharp Silicon” (SSS-NCH) AFM 
probes (Windsor Scientific) were used with a nominal tip radius of < 2 nm and a nominal force 
constant of 42 N/m, operating at a resonant frequency of around 330 kHz. Images were 
obtained at 512 x 512, 1024 x 1024, or 2048 x 2048 pixels, at 0.3 – 1.0 line/s, with scan areas 
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of 3 x 3, 5 x 5, or 10 x 10 µm2. Images were processed using WSxM 5.0 Develop 6.5 (Nanotec 
Electronica S.L.)10. Raw images were flattened with a second order filter. Protein heights were 
measured using the profile tool, with which the maximum height from a baseline was measured 
at two cross sections, 90 degrees to each other. The diameter of each protein was then measured 
at FWHM on the profile. DNA heights and diameters were measured in a similar manner. DNA 
lengths and binding position of proteins along DNA were measured using ImageJ. To obtain 
high contrast, images that are shown in Chapter 4 have been ‘equalized’ to small Z ranges, as 
displayed.  
 
Statistics of sample heights and lengths were plotted in OriginPro 9.0, and Gaussian fitting was 
applied to obtain most probable values, where appropriate.  
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Abstract 
 
The gel electrophoresis results of DNA digestions and electrophoretic mobility shift assays 
(EMSAs) for p53-DNA complexes are discussed. All DNA digestion gels showed successful 
digestion of plasmid DNA to linear form. EMSA results confirm p53 protein binding to DNA. 
Evidence of multiple forms of p53 bound to DNA response elements (REs) was observed, 
where aggregation of p53 is present. 
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3.1 Ligation and Cloning 
3.1.1 Preparation of Linear pET24a 
 
The pET24a plasmid was cloned, as described in 2.1.1, and subsequently digested with two 
enzymes, HindIII and EcoRI, to remove 19 bp and create a linear DNA sample, pET24aD, see 
figure 3.1.  
 
 
Figure 3.1. A schematic of the pET24a plasmid DNA. The dashed red lines illustrate the digestion 
positions of HindIII and EcoRI which removes a 19 bp fragment, leaving linear pET24aD.  
 
Agarose gel electrophoresis was performed to confirm linearlisation of the plasmid, see figure 
3.2. Lane 1 contains a 1kbp ladder standard, Lane 2, the pET24a plasmid DNA, and Lane 3, 
the digested, linear pET24a DNA, missing 19 bp from the full length.  
 
Lane 2 shows a faint band and an intense band, which give estimated molecular weights of 3.3 
± 0.1 and 7.3 ± 0.1 kbp respectively. The estimated molecular weight of pET24aD is 5.6 ± 0.1 
kbp, which is comparable to the expected molecular weight of 5.3 kbp. Owing to the low 
molecular weight of the excised 19 bp fragment, it does not show on the gel, either due to not 
being eluted in the purification step of digestion, or due to it having a high mobility such that 
the fragment passed completely through the gel before the experiment’s cessation. 
 
 
19 bp fragment
5.31 kb 
plasmid
EcoRI
HindIII
5.291 kb 
linear pET24aD
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3.1.2 Digestion of 26DNA, 36DNA and 47DNA 
 
The ligation of linear pET24aD with 26bp, 36bp or 47bp fragments (see 2.1.1 for sequences) 
was performed. Digestion with BamH1 was then undertaken and sequencing confirmed correct 
insertion (see Appendix I).  
 
Figure 3.2. Shows a 0.8 % agarose gel electrophoresis experiment for the digestion of pET24a with 
Lane 1: 1kbp ladder, Lane 2: pET24a plasmid DNA, Lane 3: digested, linear pET24a DNA. 
 
Figure 3.3. Illustration of the steps taken to engineer samples 26DNA, 36DNA and 47DNA. Linear 
pET24aD is ligated with fragments 26bp, 36bp and 47bp respectively. The resulting plasmids are 
shown with the position of the subsequent digestion by BamH1 enzyme. This digestion results in 
linear samples of 26DNA, 36DNA and 47DNA.  
26 bp
36 bp
47 bp5.291 kb 
linear pET24aD
5.317 kb 
plasmid
5.327 kb 
plasmid
5.338 kb 
plasmid
BamH1
BamH1
BamH1
5.317 kb linear 26DNA
5.327 kb linear 36DNA
5.338 kb linear 47DNA
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Figure 3.3 shows a schematic of the engineering of samples 26DNA, 36DNA and 47DNA.  
The agarose gel electrophoresis of the 47DNA plasmid, and digested linear 47DNA is shown 
in figure 3.4a, while the 26DNA and 36DNA plasmid, and associated digested linear DNAs, 
are shown in figure 3.4b. The 26DNA and 36DNA REs were sourced from different colonies. 
They are included to confirm that all samples used throughout the studies in this thesis were 
the same once digested.  
a. 
  
 
b. 
Figure 3.4. Examining the digestion of 47DNA, 26DNA and 36DNA REs using BamH1 on 0.8% 
agarose gel electrophoresis (1x TAE, 5 V/cm, 1 hr). DNA was initially eluted in 10 mM Tris-HCl, 
pH 8.0. a. Lane 1: 1 kbp ladder, Lane 2: plasmid 47DNA, Lane 3: linear digested 47DNA. Lane 2 
shows multiple bands, corresponding to multiple forms of closed-circular DNA. The three most 
intense bands correspond to 7.1 ± 0.1, 5.7 ± 0.1, and 3.4 ± 0.1 kbp . Lane 3 shows one band of linear 
47DNA, with an estimated molecular weight of 5.8 ± 0.1 kbp. b. Lane 1 and 10: 1 kbp Ladder, Lane 
2 and 4: two independent samples of linear digested 26DNA, Lane 3 and 5: corresponding plasmid 
26DNA, Lane 6 and 8: two independent samples of linear 36DNA, Lane 7 and 9: corresponding 
plasmid 36DNA. The average intensity of the three bands in lanes 3 and 5 correspond to 6.6 ± 0.2, 
5.4 ± 0.1 and 3.7 ± 0.1 kbp. The average estimated molecular weight of 26DNA from lanes 2 and 4 
is 5.6 ± 0.1 kbp. Lanes 7 and 9 again show multiple bands, the three bands correspond to 6.6 ± 0.2, 
5.4 ± 0.1 and 3.7 ± 0.1 kbp. Lanes 6 and 8 show one intense band, corresponding to linear 36DNA, 
with an average estimated molecular weight of 5.6 ± 0.1 kbp.  
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Figure 3.4a shows lane 1: 1kbp ladder standard, lane 2: 47DNA plasmid DNA, and lane 3: 
digested linear 47DNA. The plasmid 47DNA in lane 2 shows at least three bands, each 
corresponding to different coiling states of the circular DNA. Open circular (oc) DNA is a 
relaxed form of DNA that migrates slower than closed circular (cc) DNA, whilst linear DNA 
migrates faster.1 The three bands, therefore, correspond to conformations of relaxed, coiled, 
and linear DNA with apparent molecular weights of 7.1 ± 0.1, 5.7 ± 0.1, and 3.4 ± 0.1 kbp 
respectively. Lane 3 exhibits one band, with an estimated 5.8 ± 0.1 kbp, corresponding to linear 
47DNA. The errors here correspond to the standard deviation of averages. 
 
Figure 3.4b shows lane 1 and 10: 1kbp ladder standard, lanes 2 and 4: 26DNA digest, lanes 3 
and 5: plasmid 26DNA, lanes 6 and 8: 36DNA digest, and lanes 7 and 9: plasmid 36DNA.  
 
Molecular weight analysis shows average values for the three bands for plasmid 26DNA of 6.6 
± 0.2, 5.4 ± 0.1 and 3.7 ± 0.1 kbp respectively, whilst for plasmid 36DNA the values are 6.6 ± 
0.2, 5.4 ± 0.1 and 3.7 ± 0.1 kbp respectively. These values are comparable to those for the 
plasmid 47DNA. The multiple bands are attributed to different conformations of the plasmid 
DNA samples, as above.  
 
Averages of 26DNA and 36DNA digested linear DNA samples give 5.6 ± 0.1 kbp and 5.6 ± 
0.1 kbp respectively, which again, are in excellent agreement, and comparable to the molecular 
weight estimated for linear 47DNA.   
 
The estimated molecular weights for the digested linear 26DNA, 36DNA and 47DNA samples 
of 5.6 ± 0.1, 5.6 ± 0.1, and 5.8 ± 0.1 kbp respectively, are within experimental error of the 
molecular weight of the digested pET24a of 5.6 ± 0.1 kbp. Figure 3.3 shows the estimated 
molecular weights of 5.291, 5.317, 5.327, and 5.338 kbp for pET24aD, 26DNA, 36DNA and 
47DNA respectively. All molecular weight estimates are within 5-8 % of expected molecular 
weights, which is slightly higher than previously published experimental errors.2  
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3.2 EMSA of p53-DNA Complexes 
 
An electrophoretic mobility shift assay (EMSA) was performed to assess the specificity of the 
p53-DNA interaction. A p53-DNA complex was observed for all three RE samples, confirming 
that p53 binds to the chosen specific sequences. Furthermore, multiple bands were observed 
for longer duration EMSAs which are attributed to different oligomeric forms of p53 binding 
to the REs. The most likely form of p53 bound to the DNA fragments is a tetramer, whilst the 
other bands are attributed to aggregation of p53.    
 
It has previously been shown by EMSA that wild-type full length p53 (wt flp53) binds to DNA 
with multiple bands being proposed as monomer, dimer, tetramer and larger forms of p53 
bound to DNA.6 More recently, cooperative binding of the p53 DNA binding domain (DBD) 
to DNA REs has been confirmed, with both dimer and tetramer binding.7,8 It has been shown 
that two shifted bands correspond to tetrameric and dimeric complexes, where the tetrameric 
complex had a lower mobility than the dimeric one. Interestingly, the REs studied by Beno et 
al. containing CAAG as the central motif of the consensus sequence were observed to show 
only one band.8 This was attributed to a tetrameric complex, and it is worth noting that the RE 
contained two identical half sites with CAAG motif. The sequences used in the experiments 
here also contain the CAAG motif, although 26bp has only one copy, and 47bp has an 11 bp 
gap between its two half sites. Beno and co-workers also examined EMSAs of different 
consensus sequences with spacers, which showed both tetrameric and dimeric species, although 
they noted that the tetrameric species migrated less with increasing spacer length. Lastly, they 
also noted that half-site REs bound a dimer of p53 DBD, with possible monomeric binding.  
 
dsDNA fragments 26bp, 36bp, and 47bp were incubated with p53 protein at the conditions 
described in 2.1.2. Gel shift assays are commonly used to examine DNA-protein complexes.3–
5 The electrophoretic separation of analytes through a gel is determined by their size, charge 
and, to some extent, their conformation and shape. Assuming that the p53 protein successfully 
binds to the short DNA fragments, the mobility of the complex would be lower than that of the 
bare DNA. Thus it is expected that the band for the complex will be shifted compared to that 
of the free DNA. Indeed, this is observed in figure 3.5, which confirms that p53 binds to the 
RE fragments.  
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Figure 3.5 shows three EMSA experiments of the 26bp-p53, 36bp-p53 and 47bp-p53 
complexes, which were performed independently at 5 V/cm for 1, 2 and 1¼ hours, respectively. 
The 36bp-p53 complex EMSA was performed after those for the 26bp and 47bp samples, and 
it was run at ~ 4 °C.  
 
 
The short duration of the electrophoresis experiments in figure 3.5 allows for the low molecular 
weight DNA samples to be visible in Lanes 2 and 8 although the 36bp DNA sample in lane 6 
has passed from the bottom of the gel, due to the slightly longer duration of 2 hours. Lanes 4, 
7 and 9 show faint bands at the wells at the top of the gel, which is attributed to the p53-DNA 
complex, whilst bands near the bottom of the gel, comparable to the DNA control samples, is 
 
Figure 3.5. Independently performed electrophoretic mobility shift assays for 26bp-p53, 36bp-53, 
and 47bp-p53 complex to confirm binding of RE fragments to p53. Lane 1: 1 kbp Ladder, Lane 2: 
26bp DNA, Lane 3: p53 protein, Lane 4: 26bp DNA-p53 complex, Lane 5: 1kbp DNA ladder, Lane 
6: 36bp DNA, Lane 7: 36bp DNA-p53 complex, Lane 8: 47DNA, Lane 9: 47DNA-p53 complex, and 
Lane 10: 1kbp Ladder. Lanes 2, 6 and 8 contain DNA only, with only one band present as indicated 
by the band 2 red arrow. It can be clearly seen in Lanes 4 and 9, that a similar band is present, 
suggesting that a large proportion of the DNA remained unbound at these molar ratios of DNA-p53 
protein. Lanes 4, 7 and 9 do have a very faint band visible at the wells at the top of the gel, indicated 
by the band 1 red arrow. These are the 26bp-p53, 36bp-53, and 47bp-p53 complexes respectively.  
1         2        3      4               5       6         7                     8         9      10  
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2                    
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the free (unbound) DNA from the complex incubation. Lane 3, containing p53 protein only, 
shows no bands. The staining procedure for these experiments used GelRed, which is an 
intercalating nucleic acid stain, and thus does not bind to proteins. This was included as a 
secondary control, as p53 protein would be expected to be visible near the top of the gel due to 
its higher molecular weight than the DNA fragments.  
 
The large shift of the DNA-complex bands suggests that the p53 binding to DNA is successful 
for all RE fragments and greatly affects the mobility of the DNA. Numerous factors contribute 
to the electrophoretic behaviour of protein-DNA complexes in gel electrophoresis. These 
include the charge, mass and shape of the protein, and the number and distribution of bound 
proteins, dynamic features of various binding transitions and the topology of the DNA at or 
between binding sites.9 As the DNA fragments used in this experiment are notably small, it is 
proposed that DNA topology would not affect the mobility of the DNA. However, the 
dynamics of the p53-DNA interaction and the effect of p53’s charge, mass and conformation 
on the DNA could all contribute to a lower mobility of the DNA.  
 
To investigate the binding of p53 to DNA further, native PAGE gel electrophoresis 
experiments were performed for a longer duration. Figure 3.6 shows three EMSAs for the 
26bp-p53 and 47bp-p53 complexes. Multiple discrete bands are visible in the gels and are 
shown by red arrows. These EMSA experiments were performed with the aim of optimising 
the p53-DNA complex bands. EMSA 1 and 2 were electrophoresed at 5 V/cm for 4 and 6 hours 
respectively, whilst EMSA 3 was electrophoresed at 1.5 V/cm for 7 ¼ hours. Some separation 
between bands was observed in EMSA 1, whereas more blurred bands were present for EMSA 
2. This could be attributed to the longer run time of EMSA 2, which could lead to heating of 
the gel, resulting in decreased resolution of the bands.10 Subsequently, EMSA 3 was performed 
at a lower voltage to reduce the heating effect. The result was an improved resolution of the 
bands. It can be seen by comparing EMSA 1 and 3 that the 47bp-p53 complex formed multiple 
bands of similar molecular weights, and the 26bp-p53 complex displayed more visible bands 
at the lower voltage. These multiple bands are attributed to p53 binding to DNA, most likely 
in different oligomeric forms. The lower intensity of the 26bp-p53 complex than for 47bp, 
which can be clearly seen from the lack of intense bands for 26bp in EMSA 1. This suggests 
that 47bp DNA binds more p53 than 26bp DNA. 
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The results shown in figure 3.6 differ from the findings by Beno and co-workers, such that 
more than one band is seen for the CAAG motif p53-DNA complexes. The p53 protein used 
in this EMSA was at a final concentration of 12.6 µM in the incubation reaction mixture, which 
implies that it is predominantly tetrameric. Dimeric p53 will be present due to the equilibrium 
between tetramers and dimers of p53. However, the percentage of dimeric p53 will be very 
low. Thus tetrameric binding of p53 to DNA is expected to be the prevalent complex form in 
this EMSA experiment. It is therefore reasonable to rule out monomeric binding of p53 to 
DNA, while dimeric binding could occur.  
 
Figure 3.6. Shows three EMSAs for 26bp-p53 and 47bp-p53 complexes along with DNA only 
controls. EMSA 1 and 2 were electrophoresed at 5 V/cm for 4 and 6 hours respectively, whilst 
EMSA 3 was electrophoresed at 1.5 V/cm for 7 ¼ hours. Multiple bands can be observed in all 
gels, as indicated by the red arrows. These bands are attributed to different forms of p53-DNA 
complexes. EMSA 2 shows more blurred bands, due to a longer duration at a high voltage. Lanes 
1, 6 and 11: 1 kb ladder; Lanes 2, 7 and 12: 26bp DNA, Lanes 3, 8, and 13: 26bp-p53 complex; 
Lanes 4, 9 and 14: 47bp DNA; Lanes 5, 10 and 15: 47bp-p53 complex. The DNA only lanes show 
no bands as the short fragments will have passed off the gel, due to the long duration of the 
electrophoresis. Lanes 3, 8 and 13 show a lower intensity than lanes 5, 10, and 15, suggesting that 
the 47bp fragment binds more p53 than the 26bp fragment. 
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However, the presence of four bands in figure 3.6 cannot be explained simply by dimeric and 
tetrameric binding of p53 to DNA. Instead, aggregation effects should be considered. It has 
been shown that wt flp53 aggregates after 20 minutes at 37 °C11 and although this EMSA was 
performed at low field and at ~20 °C, the applied voltage can lead to heat build-up in the gel.10 
Indeed, p53-DNA EMSAs are commonly performed at 4 °C.12,13 Thus aggregation of the p53 
protein cannot be ruled out from occurring during the electrophoresis. This could explain why 
multiple bands are observed, and also why the most intense bands failed to enter the gel due to 
the larger forms of bound p53.  
 
It should be noted that 47bp DNA is expected to specifically bind a tetramer of p53 to its two 
consensus sequence half-sites, whilst 26bp DNA is expected to bind a dimer as it only has one 
half-site.14–17 Interestingly, very similar bands are observed for both 26bp and 47bp DNA-p53 
complexes. Assuming that the band of highest mobility is tetrameric p53, the similar bands 
implies that both 26bp and 47bp DNA bind tetrameric p53. It could therefore be proposed that 
the 26bp DNA fragment binds a tetramer of p53 in a hemi-specific manner, where one dimer 
binds the consensus half-site fragment and the other dimer binds a non-specific adjacent 
sequence.18  
 
Although further experiments are required to determine the full nature of the p53-RE DNA 
binding interaction, it can be seen that multiple forms of p53 bind with 26bp and 47bp DNA 
RE fragments, with the form exhibiting the highest mobility (in figure 3.6) attributed to 
tetrameric p53 binding to DNA.  
 
3.3 Conclusion 
 
The successful double digestion of pET24a has been demonstrated, in addition to the successful 
digestion of 26DNA, 36DNA and 47DNA REs. The molecular weights of pET24aD and RE 
DNAs are in excellent agreement, while estimated molecular weights are within 5 - 8 % of the 
expected values.  
 
EMSA show formation of p53-DNA complexes for all engineered RE DNAs. Further 
experiments show the formation of more than one p53 form binding to 26bp and 47bp DNAs. 
Similar bands for both 26bp and 47bp DNA suggest that p53 binds the REs in a similar manner, 
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while 47bp DNA appears to bind more p53 than 26bp DNA. Aggregation of p53 may also be 
present.  
 
These results provide the first confirmation that p53 binds to the DNA fragments used in this 
research. However, they do not provide information about the extent of specific or non-specific 
binding. As such, the following chapters investigate single molecule detection methods to 
examine the positional binding of p53, the extent of specific p53 binding and the form of p53 
bound to consensus DNAs.  
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Abstract 
 
This chapter discusses the AFM studies performed on DNA samples (pET24a, 26DNA, 
36DNA, and 47DNA), p53 protein, and p53-DNA complexes. The first section examines the 
properties of DNA adsorbed to mica, such as the length, height and diameter of DNA 
molecules. The effect of finite tip size is investigated, and is subsequently applied in further 
sections. Section 4.2 examines the p53 protein absorbed onto mica, with measurements being 
undertaken to determine the dimensions of the protein such as height and diameter. The 
dimensions of p53 protein are investigated in terms of populations of dimeric and tetrameric 
p53. A comparison between calculated and experimentally determined percentages of dimer 
and tetramer populations is undertaken to confirm the hypothesis that both dimeric and 
tetrameric p53 is observed in these experiments. Section 4.3 examines the position and size of 
p53 proteins bound to DNA REs and control samples. It is found that p53 binds specifically to 
the consensus sequences in the DNA REs, whilst non-specific binding is also observed. Non-
specific binding is only observed for pET24a DNA, which does not have an inserted consensus 
sequence. Investigation of the size distributions of p53 bound to DNA finds that both dimeric 
and tetrameric p53 is observed to be bound to DNA. Further experiments are proposed to 
examine this interaction further.  
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In Chapter 3 gel electrophoresis experiments confirmed the binding of p53 protein to the 
consensus DNA fragments used in this research. The following chapter discusses AFM studies 
on the engineered consensus DNA samples, the p53 protein and corresponding p53-DNA 
complexes. This single molecule technique is used to examine the form and position of p53 
bound to DNA, providing insights into the specificity of p53 binding to different sequences.  
 
4.1 AFM Study of DNA 
 
  
  
Figure 4.1.  Representative AFM images of a. pET24a, b. 26DNA, c. 36DNA and d. 47DNA in air. 
DNA was deposited onto freshly cleaved mica in 10 mM HEPES, 4 mM MgCl2 and dried under dry 
N2. White and black arrows indicated partially and completely folded molecules respectively. 
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To investigate the binding of p53 to consensus DNA, the four DNA samples used throughout 
this study were examined. The length of the DNA was measured and compared to expected 
values. Furthermore, the height and diameter of the DNA molecules were measured and tip 
broadening effects were investigated. Representative AFM topography images are shown in 
figure 4.1(a-d) of samples pET24a, 26DNA, 36DNA and 47DNA respectively. These samples 
were prepared as described in 2.1.2. It can be observed that the DNA mainly exhibits a linear 
conformation spread across the mica surface. There are seen to be a number of folded polymers, 
for example, sample 26DNA shown in 4.1b (see white arrows), where the height of the DNA 
is measured to be higher than that of the bulk of the other DNA polymers. Additionally, 
completely folded DNA molecules can be seen, in small ‘clumps’ (see black arrows, figure 
4.1) which also exhibit a larger molecule height than for the extended linear DNA.  
 
The lengths of the DNA polymers adsorbed onto mica were measured as described in 2.2.9, 
and figure 4.2 shows the resultant histograms. The histograms were fitted with Gaussian 
distributions, which yielded DNA lengths shown in table 4.1.  
 
 
 
Figure 4.2.showing histograms of measured DNA lengths for pET24a (blue), 26DNA (black), 
36DNA (green) and 47DNA (red). Gaussian distribution fitting gives length measurements of 1.71 
± 0.03 µm, 1.76 ± 0.09 µm, 1.79 ± 0.04 µm, and 1.85 ± 0.03 µm respectively. The shorter lengths 
result from shearing of the DNA, or measurements from folded DNA molecules. 
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The measured lengths are in excellent agreement with the expected lengths of pET24a, 26DNA, 
36DNA and 47DNA. These measurements show that the DNA length for all samples are within 
error of each other, which is in agreement with the comparable molecular weights of the DNA 
samples as measured by gel electrophoresis in 3.1.2.  
 
It should be noted that there are a small proportion of shorter DNA fragments in the 26DNA 
and 47DNA REs. These are attributed to shearing of the DNA during the preparation of the 
sample in buffer. It should also be noted that some of the fragments appeared to exhibit folding 
of DNA, and as these fragments were only measured along the non-folded part, they also 
contribute to some of the shorter DNA lengths in the histograms.   
 
The height and diameter of DNA strands from all four DNA samples were measured as 
described in 2.2.9. The full width half maximum was used to characterise the DNA diameter. 
Histograms in figure 4.3 show the distributions with Gaussian fits which give a mean height of 
0.9 ± 0.2 nm and a mean diameter of 12.0 ± 3.2 nm.  
 
Table 4.1. Measured and expected lengths of DNA molecules 
DNA sample pET24a 26DNA 36DNA 47DNA 
Expected length of molecule (µm) a 1.798 1.808 1.811 1.815 
Measured length (µm) 1.71 ± 0.03 1.76 ± 0.09 1.79 ± 0.04 1.85± 0.03 
a. Assuming a length of 0.34 nm per bp 
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Figure 4.3.   Histograms of DNA height and diameter for unfolded DNAs. These measurements are 
from all four DNA samples, taken randomly. Bin sizes are 0.25 nm and 2 nm for height and diameter 
histograms respectively. Gaussian distributions are fit to the histograms to obtain mean values of 0.9 
± 0.2 nm and 12 ± 3 nm for height and diameter data respectively. Bin sizes had no effect on the 
values obtained from fitting. 
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Figure 4.4. Illustrative diagram of the sample profile obtained from AFM due to finite tip size 
broadening. The probe tip, with radius RT, is shown here as a sphere. The DNA strand, shown here 
as a sphere of radius Rm, is traced by the tip, but due to the radius of the tip, the AFM obtains a sample 
profile illustrated by the dashed line, which refers to the position of the tip as it traces over the sample. 
 
It is known that the finite size of the AFM tip gives rise to broadening effects, as shown in 
figure 4.4.1 It has previously been shown that the tip can be modelled as a sphere of radius 𝑅𝑇, 
and a DNA molecule as a cylinder of radius 𝑅𝑚. The measured width of the DNA object from 
the AFM image, 𝑤, can be given by:1 
 
𝑤 = 4√𝑅𝑇𝑅𝑚                                                               (4.1) 
 
Taking the radius of DNA to be 1.0 nm, from the crystal structure of DNA (RCSB protein data 
band, 1BNA),2 and taking the mean measured DNA diameter as 12.0 nm (radius = 6.0 nm), 
this equation estimates the AFM tip radius as 9.0 ± 0.7 nm, which is larger than the 
manufacturers specification of less than 5 nm.3 However, as measurements were performed in 
tapping mode, the tip may become blunt due to the repetitive driving of the tip onto the sample 
surface.  Calculations were attempted with another model,4 however, the tip radius obtained 
with this model was roughly twice as large as the value obtained here, and the calculated DNA 
diameter of ~ 0.6 nm, was a significant underestimation for the expected DNA diameter of 2.0 
nm. It would therefore be expected that other calculations using this model would provide 
calculated values that were significant underestimations, and thus it was not used further. The 
effect of normal force on the height of the DNA was not investigated, however, it can be seen 
from the mean height that there is an apparent height reduction to a factor of roughly 0.44 of 
the expected diameter.  
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4.2 AFM Study of p53 Protein 
 
The size of p53 protein was then examined with AFM. Figure 4.5 shows representative 
topography images of p53 adsorbed onto mica. The p53 protein was eluted in 10 mM HEPES, 
4 mM MgCl2 before deposition onto the mica surface, and the surface was rinsed with distilled 
water to remove any unbound protein and buffer from the surface. It can be seen that the height 
and indeed diameter of the protein varies significantly. Both dimeric and tetrameric p53 was 
observed to be present, with approximately 56 – 66 % of p53 being in dimeric form. The 
following section discusses the AFM measurements and comparisons with literature. 
 
 
 
Figure 4.5. Representative AFM images showing p53 protein adsorbed onto mica. It can be seen 
from these images that the sizes of the protein vary significantly. Images are 1024 points/line, 
obtained at a line scan speed of ~0.3 Hz. Insets show individual p53 proteins, the scale bar is 50 nm, 
the Z scale is 0 - 10 nm.   
 
To examine the size of the p53 protein, the height and diameter were measured, as described 
in 2.2.9. The average FWHM of p53 at two different cross sections was taken as the diameter 
for the p53 protein. Figure 4.6 shows two histograms displaying the height and mean diameter 
of p53 proteins. The first, largest population, ‘population 1’, for the measured height 
distribution corresponds to 2.9 ± 0.8 nm. The second, smaller population, ‘population 2’, for 
the measured p53 height has a peak value of 5.5 ± 1.8 nm. The two populations for the measured 
diameter distribution have peak values corresponding to 16.0 ± 3.1 and 30.2 ± 9.8 nm for 
populations 1 and 2 respectively.  
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Examining the measured p53 dimensions, the height values are roughly a factor of 5 times 
smaller than those for the diameter. To investigate if tip broadening effects influenced the p53 
diameters, eq. 4.1 was applied. The tip radius value found from the DNA data of 9 nm was 
used. The calculated p53 diameters are 3.6 ± 0.5 nm and 12.7 ± 3.0 nm for population 1 and 2 
respectively. It should be noted that eq. 4.1 assumes a spherical shape for p53, and although 
p53 appears approximately spherical in figure 4.5, these results should be taken as an 
estimation of the size. 
 
As the height measurements for the p53 protein were obtained in similar imaging conditions 
as the DNA samples, it can be assumed that the p53 protein would also exhibit a reduced 
measured height. If one assumes the same distortion factor of 0.44 as determined from the 
DNA samples, then the calculated heights of p53 are 6.6 ± 1.9 nm and 12.5 ± 4.1 nm 
corresponding to population 1 and 2 respectively. It could be argued, given their dissimilar 
structures, that DNA and p53 exhibit different compressibilities under the force of the AFM 
tip. However, assuming similar mechanical properties of DNA and the different forms of p53, 
these values provide an estimate of the height values.  
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Figure 4.6.  Histogram of the measured height and diameter of p53 proteins adsorbed onto mica. Two 
Gaussian distributions are fitted to each histogram to obtain two populations. ‘Population 1’ refers to 
the largest population, while ‘population 2’ refers to the smaller distribution, as labelled above. Bin 
sizes are 0.25 nm and 2 nm for p53 height and diameter histograms respectively. The bin size was 
chosen to be the same as the DNA histograms in figure 4.6. Changing the bin size has no effect on the 
values obtained from fitting. Population 1 for the height histogram has a mean peak value at 2.9 ± 0.8 
nm, whilst the population 2 has a peak found at 5.5 ± 1.8 nm. The diameter histogram has peaks with 
mean values of 16.0 ± 3.1 and 30.2 ± 9.8 nm for populations 1 and 2 respectively. 
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Considering now the calculated dimensions of p53, the height and diameter of population 2 are 
12.5 ± 4.1 and 12.7 ± 3.0 nm respectively. These values are in excellent agreement with each 
other. The calculated dimensions for p53 height and diameter of population 1 are 6.6 ± 1.9 and 
3.6 ± 0.5 nm respectively. These values are visibly not within error of each other, suggesting a 
larger variation in dimension size for the largest population of p53.   
 
It can be clearly seen that two populations can be determined from the p53 height and average 
diameter measurements. Additionally, the calculated values distinctly shows that population 2 
contains proteins with larger dimensions than population 1. However, it is not possible to obtain 
information about the orientation of the protein on the mica surface from the averaged diameter 
measurements used above. The orientation of the p53 protein may affect the values that are 
obtained from these measurements. Three dimensions would allow the orientation to be 
identified and the dimension of the p53 protein here to be compared with literature values.  
 
Therefore, the individual p53 FWHM measurements are plotted in figure 4.7. Measurements 
were taken along the longest diameter (diameter 1), then at 90° (diameter 2), which gave a 
shorter diameter. Gaussian distributions were fitted as for figure 4.6 and two populations were 
obtained as before, see figure 4.7.  
  
 
  
  
  
  
 R
el
at
iv
e 
F
re
q
u
en
cy
 
  
   p53 Diameter 1 (nm)        p53 Diameter 2 (nm) 
Figure 4.7. Diameter 1 and 2 represent the cross-sectional FWHM measured across p53 molecules 
from AFM images. Diameter 1 was measured along the longest diameter of the protein, then Diameter 
2 was measured at a 90° angle to the first measurement. Gaussian distributions were fit to the 
histograms with two Gaussians fitting the data. Bin sizes are 2 nm, as for figure 4.7. Diameter 1 had 
mean values for the fits as 18.6 ± 3.8 nm and 35.7 ± 10.1 nm for populations 1 and 2 respectively. 
Diameter 2 has mean values of 13.7 ± 2.9 and 26.4 ± 9.7 nm for populations 1 and 2 respectively 
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The measured diameter values are presented in figure 4.7 and were used with equation 4.1 to 
obtain calculated diameters of p53, as described above. To simplify the discussion, only the 
calculated diameters 1 and 2, and the calculated height from before are discussed forthwith. 
The calculated values obtained for diameters 2 and 1 and the height are displayed in table 4.2.  
 
It can be clearly seen that the population 1 values are of a smaller size than population 2. 
Additionally, it can be seen that the height for population 1 is the largest dimension, whilst 
diameter 1 is the largest dimension for population 2. This shows that the p53 protein can exhibit 
different orientations on the mica surface, and that different populations do not align in the 
same way. 
 
The p53 protein has been shown to have a Stokes radius of 6.4 nm, and dimension of the p53 
tetramer have been shown to be 6.6 x 8.2 x 8.8 nm.5 Examination of the crystal structure of the 
multidomain p53 polypeptide dimer from Petty et al.6 yields dimensions of 8.95 x 6.60 x 4.57 
nm (see figure 1.4a for crystal structure). It can be seen that the dimensions for the polypeptide 
dimer are similar to those for the tetramer, apart from a smaller dimension of 4.57 nm compared 
to 8.2 nm.  
 
Population 1 has slightly smaller dimensions than the polypeptide dimer structure and is 
therefore proposed to be dimeric p53 protein. Population 2 has larger values than the largest 
proposed dimension of p53 from crystal structures or cryo EM. However, the maximum 
diameter of flp53 has been estimated to be 24.0 ± 3 nm by SAXS.7 This suggests that population  
2 with larger dimensions of 12.5 ± 4.1  nm, 17.7 ± 3.7 nm and 9.7 ± 2.6 nm (for height, diameter 
1 and diameter 2 respectively) corresponds to a population of tetrameric p53 protein.  
 
It can be seen from the histograms that population 1 is the predominant population for both the 
height and diameter data. Therefore, the p53 protein is mainly in dimeric form at the 
concentrations used in here.  
Table 4.2. Height and diameter calculated values for p53 protein 
p53 population Height (nm) Diameter 1 (nm) Diameter 2 (nm) 
1 6.6 ± 1.9 4.8 ± 0.8 2.6 ± 0.4 
2 12.5 ± 4.1 17.7 ± 3.7 9.7 ± 2.6 
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To determine the percentage of p53 protein that is dimeric in this AFM study, a crude estimate 
was obtained from the height and diameter histograms. The concentration of p53 used here was 
5.4 – 28.7 nM in dimers. As the dissociation constant for tetramers to dimers is 20 nM at 20 
°C,8,9 33 – 73 % of p53 is expected to be tetrameric in the solution before deposition onto the 
mica surface. The Gaussian distribution for the dimer population from the height data in figure 
4.6 was used to determine a cut-off value to distinguish between dimeric and tetrameric p53 
protein. The cut-off was chosen as the mean + 1SD, which was lower than all of the values 
calculated for population 2 from diameter and height data. Applying this cut-off method, 40 % 
of the p53 proteins measured for the height histogram in figure 4.6 were in tetrameric form. 
Similar estimates for the diameter histograms gives 44 % and 42 % tetrameric p53 for the 
diameters 1 and 2 respectively. Indeed, calculating the higher and lower concentrations of p53 
heights separately gives 34 - 36 % tetramers, which shows that the range of concentrations used 
does not significantly affect the distribution of p53 dimers and tetramers. These estimates of 
34 – 44 % of p53 being tetrameric is within the lower range of the calculated tetramer 
population percentage, however, owing to the crude method used in order to distinguish 
between dimers and tetramers, this is a reasonable result. Thus approximately 56 – 66 % of p53 
protein in these AFM images are dimeric. This is agreement with previous observations.10,11  
 
4.3 AFM Study of p53-DNA Complexes  
 
AFM is a powerful single molecule technique, and as shown in the previous sections, can be 
used to examine the conformation and sizes of DNA and protein. AFM can be employed to 
determine the extent and location of protein binding to DNA.12,13 In the following section, this 
will be undertaken for the p53-DNA interaction. Specific and non-specific binding are 
determined for all RE DNAs, whilst only non-specific binding is observed for control pET24a 
DNA. Both dimers and tetramers of p53 are seen to bind to all DNA samples.  
 
Figure 4.8 displays representative AFM images of pET24a-p53, 26DNA-p53, 36DNA-p53 and 
47DNA-p53 complexes adsorbed onto mica. It can be seen that proteins of various sizes and 
shapes appear to be bound at different positions along the DNA polymers, shown by black 
arrows. The following section of this chapter looks to investigate the binding statistics of this 
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p53-DNA interaction, and examine the influence of different consensus and non-consensus 
DNA sequences on the binding of p53.  
 
As mentioned in section 4.1, there were a number of DNA polymers observed to exhibit folding 
such that the measured lengths of DNA appeared shorter than the majority of the population. 
As folding could not be discriminated from p53 protein binding by image alone, two limitations 
  
Figure 4.8. Representative AFM images of p53-DNA complexes a. pET24a-p53, b. 26DNA-p53, c. 
36DNA-p53, and d. 47DNA-p53.  Images are 1024 points/line, except a. which is 512 points/line, 
obtained at a scan speed of ~0.3 Hz. Insets show individual p53 proteins bound to DNA, the scale 
bar is 50 nm, the Z scale is the same as the large images.   
95 
 
 
 
were imposed on the p53-DNA complex AFM data to overcome this issue. Firstly, any DNA 
lengths shorter than 1.4 µm were excluded from any of the analysis in this section to remove 
the population of short fragments. Second, the heights of control DNA folded sections were 
measured. This lead to a maximum DNA height of 1.8 nm, which was then used for the p53-
DNA data as the minimum acceptable height of a p53 protein bound to DNA.  
 
The percentage of DNA molecules with p53 bound was calculated for each DNA sample. These 
are displayed in table 4.3, along with the concentration of p53 and DNA used. The molar ratio 
of p53 (in monomers) to DNA was kept constant at 80:1.  
 
It is interesting to note that the percentage of DNA molecules with p53 bound is lowest for the 
26DNA sample, with only 2.5 % of DNA molecules binding p53. The percentage binding for 
pET24a and 47DNA are very similar at 5.8 % and 6.5 % respectively. Interestingly, the 
percentage of p53-bound DNA molecules is higher for 47DNA than 26DNA. This was also 
proposed from the gel electrophoresis results in 3.2. The 36DNA sample has the highest 
percentage of p53 binding with 15.6 % of all DNA molecules binding p53.  
 
 
To test if the binding percentage for 36DNA was a significant outlier, the Grubbs’ test was 
applied.14,15 The Grubbs’ test, also known as the maximum normed residual test, can be used 
to detect an outlier in a univariate data set that approximately follows a normal distribution. If 
a value is tested for being an outlier and is found to be significant by the Grubbs’ test, it can be 
recognised as being from a different population than that of the other sample values. The 
Grubbs’ test statistic is defined by:16 
𝐺 =
𝑚𝑎𝑥|𝑌𝑖 − ?̅?|
𝜎
                                                            (4.2) 
Table 4.3. Concentration of DNA, p53 and percentage of DNA with bound p53 protein 
DNA sample pET24a 26DNA 36DNA 47DNA 
Percentage of DNA 
with p53 bound 
5.8 % 2.5 % 15.6 % 6.5 % 
p53 concentration 
(calculated, in dimers) 
6.1 nM 10.4 nM 9.8 nM 32.1 nM 
DNA concentration 0.25 nM 0.55 nM 0.47 nM 3.4 nM 
Ratio of p53 
monomers to DNA 80:1 80:1 80:1 80:1 
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Where ?̅?and 𝜎 are the sample mean and standard deviation, respectively.  
This equation gives the largest absolute deviation from the sample mean in terms of sample 
standard deviation and is the equation for a two-sided test. To perform a one-sided test, for 
example, to test whether the maximum value is an outlier, the equation becomes: 
 
𝐺 =
𝑌𝑚𝑎𝑥 − ?̅?
𝜎
                                                                (4.3) 
 
where 𝑌𝑚𝑎𝑥 is the maximum value of the data set being tested. The hypothesis of the Grubbs’ 
test is that there is exactly one outlier in the data set, while the null hypothesis is that there are 
no outliers. The null hypothesis is rejected if: 
𝐺 >
(𝑁 − 1)
√𝑁
√
(𝑡𝛼 𝑁⁄ ,𝑁−2)
2
𝑁 − 2 + (𝑡𝛼 𝑁⁄ ,𝑁−2)
2                                          (4.4) 
 
Where 𝑡𝛼 𝑁⁄ ,𝑁−2 is the critical value of the t distribution with (𝑁 − 2) degrees of freedom, and 
a significance level of 𝛼/𝑁. The significance level become 𝛼/(2𝑁) for a two-sided test. The 
binding percentage of 36DNA was found to be an outlier for significance values > 0.03. The 
percentage of p53 binding for 36DNA is therefore significantly different from the other three 
DNA samples. It is proposed that the significantly higher percentage of binding of p53 to 
36DNA is an indication of a different affinity for binding than for the other DNA samples.  
 
DNA consensus sequences have been shown to exhibit significant reduction in p53 binding 
affinity when spacer sequences of more than a few nucleotides are introduced between the two 
half sites of a consensus DNA sequence.17–19 The 26DNA RE consists of only one half-site, 
whilst the 47DNA RE contains an 11 bp gap sequence between two half sites, and the pET24a 
sample contains no inserted consensus sequence. This suggests that the 36DNA RE should 
exhibit higher affinity binding compared to the other DNA samples, and the significance of the 
36DNA percentage of binding can be seen as indicative of higher binding affinity for p53.   
 
The lengths of DNA fragments bound to p53 were measured and compared with the lengths 
measured for the DNA only controls. Figure 4.9a shows a histogram of the DNA lengths for 
those with p53 bound. Gaussian distributions were fitted to each histogram to yield mean length 
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values of 1.79 ± 0.05 µm, 1.65 ± 0.05 µm, 1.73 ± 0.08 µm, and 1.75 ± 0.07 µm for complexes 
pET24a-p53, 26DNA-p53, 36DNA-p53 and 47DNA-p53 respectively. These values are within 
error of each other.  
 
Figure 4.9b shows a comparative scatter plot of the bare DNA and DNA-p53 complex samples. 
For all four DNA samples, the mean DNA length, both with and without bound p53, are within 
one standard deviation of each other. This is evidence that any measurements of p53 bound to 
DNA are indeed proteins and not mistakenly measured DNA folding. 
 
 
The position of p53 protein binding along the DNA samples was then investigated to examine 
whether the consensus sequences were significant for promoting specific p53 binding. The four 
position histograms in figure 4.10 display the position of p53 binding relative to the closest 
DNA end in the full length of the DNA molecule. This measurement of position with respect 
to the end of the DNA is undertaken because one end of the DNA cannot be distinguished from 
the other without labelling. The number of p53 proteins bound to DNA for these experiments 
are shown in each histogram. These were all for a molar ratio of p53 to DNA of 80:1, and were 
measured in triplet to obtain a mean value with a maximum standard deviation of 3.5 % per 
complex measured. It was found that a pixel difference in very short length measurements 
contributed significantly to the overall error and therefore, the majority of the measurements 
were obtained with smaller standard deviations of 1 - 2 %. The bin size was chosen as 0.025, 
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Figure 4.9. a. A histogram of the measured length of DNA with p53 protein bound for pET24a-p53 
(blue), 26DNA-p53 (black), 36DNA-p53 (green) and 47DNA-p53 (red). The histograms are 
remarkably similar, with Gaussian fits yielding mean values of 1.79 ± 0.05 µm, 1.65 ± 0.05 µm. 1.73 
± 0.08 µm, and 1.75 ± 0.07 µm, respectively. b. A scatter plot of the DNA length for the DNA only 
samples (black, circles) and the DNA-p53 complex samples (red, triangles). The mean length for each 
DNA sample is within one standard deviation of the length for the DNA with p53 bound. 
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such that each bin represents roughly 130 bp. Increasing or decreasing the bin size does not 
significantly change the distribution.   
 
It can be observed from the histogram for the pET24a-p53 complex that there are two positions 
around 0.24 and 0.29 which display a higher frequency of binding. However, for the three REs, 
the most frequently observed position of p53 binding to DNA is observed at the end of the 
molecules. This is particularly important as the consensus fragment within the RE DNAs is 
located 6 bp away from the end of the molecules. 
 
To test whether the most frequent binding positions for the three RE DNA samples were 
significant, the Grubbs’ test was applied, as described in equations 4.2 – 4.4.  
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Figure 4.10.  Position histograms of p53-DNA complexes along the DNA. The relative frequency is 
the observed probability of p53 binding in the given range. The position is the relative position to the 
closest DNA end in the full length of the DNA. The number of p53-DNA complexes for each sample 
are included in these plots. The position of p53 binding on pET24a (blue) is most prominent around 
0.2-0.3 along the DNA from the end, whereas the three consensus DNA sequences (26DNA, black; 
36DNA, green; 47DNA, red) show a significant peak at the end of the DNA, indicating that there is 
significant sequence-specific DNA binding.   
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To test whether the two largest peaks are significant, as in the pET24a histogram, alternative 
criteria are required. Grubbs provided a test to judge the significance of the two largest 
observations in a data set. This is based on the ratio of the sample sum of squares when the two 
doubtful values are omitted, to the sample sum of squares when the two are included.14,15 If the 
calculated ratio is less than the critical value then the two values are outliers. However, the 
peaks were not found to be significant, even at a significance level of 0.1. This suggests that 
the p53 proteins bound to pET24a DNA at the distances of 0.24 and 0.29 from the end are from 
the same population as the p53 bound elsewhere on the DNA. The peaks at the end of the 
histograms for the RE-p53 complexes were found to be significant at a significance level of 
0.05, and thus are considered outliers to the rest of the population of p53 bound to RE DNA. 
 
To further test the significance of the position of p53 binding along DNA, random distributions 
of the same form as figure 4.10 were produced, see figure 4.11 for examples. These were 
obtained by randomly generating numbers between 0 and 1, and inverting values greater than 
0.5 to mimic the measurement of the p53 position from the closest DNA end. These values 
were generated using a Matlab code, with iterations of up to 100000, see Appendix II for the 
full code. Two criteria were required for the distributions to be considered as significant: 1. the 
distribution must have a value equal to or greater than the most extreme peak in the 
corresponding experimental histogram and 2. this extreme value occurs at position 0 
(corresponding to the end of the DNA). The percentage of distributions that fulfilled these two 
criteria were calculated.  
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Figure 4.11.  Randomly generated histograms to investigate the probability of the significant peaks 
at the end of the DNA in figure 4.10 being a random artefact. Here a. illustrates a histogram generated 
randomly which does not exhibit a significant peak at the end of the DNA. b. shows an example of a 
significant peak at the end of the DNA from randomly generated numbers. It can be seen that this 
histogram looks similar to those in 4.10 that exhibit significant peaks at the end of the DNA from 
AFM measurements. 
a b 
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These represent the probability that the observed peaks from experiments were random, with 
probabilities obtained of 0.33 %, 0.15 % and 0.12 % for 26DNA, 36DNA and 47DNA 
respectively. Therefore, the probability that random binding is observed at the end of the DNA 
is remarkably low. This further supports the Grubbs’ test results that the peaks at the end of the 
distributions are significant and not attributed to non-specific binding. It can therefore be 
concluded that the p53 binding at the end of the DNA REs is due to sequence specific binding. 
 
Lastly, the heights and diameters of the bound p53 proteins were analysed. Figures 4.12 and 
4.13 show the height and diameters of p53 bound to DNA for pET24a, 26DNA, 36DNA, and 
47DNA respectively. Gaussian distributions were fitted to the histograms to obtain most 
probable values of height and diameter for each sample, with the majority fitting two 
Gaussians.  
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Figure 4.12.  Histograms of the height of p53 protein bound to DNA. Gaussian distributions fit to 
the histograms give mean values of 3.5 ± 1.0 and 8.3 ± 0.3 nm; 2.6 ± 0.4 and 4.7 ± 1.5 nm; 2.4 ± 0.3 
and 3.9 ± 1.3; and 2.6 ± 0.6 and 5.5 ± 2.8 nm for pET24a (blue), 26DNA (black), 36DNA (green) 
and 47DNA (red) respectively. For pET24a and 26DNA two distributions appeared to fit the data 
better than one, however, these results should be considered with caution. 
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Figure 4.13. Histograms of the diameters of p53 bound to pET24a (blue), 26DNA (black), 36DNA 
(green) and 47DNA (red) are shown. Diameter 1 and 2 shows the FWHM measurement of p53 at the 
longest diameter and at 90° respectively. Gaussian distributions were fitted to the histograms, and values 
obtained are detailed in table 4.2. For pET24a, as above, these results should be considered with caution. 
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The values for pET24a should be considered with caution as the histograms do not contain 
many data points. The 26DNA diameter histograms were found to only fit a single Gaussian, 
however the height distribution of 26DNA was found to fit a two-Gaussian distribution. The 
existence of a second population for the 26DNA bound p53 height suggests that there is 
possibly a second population of p53 protein with the same diameters but a larger height 
dimension.  
 
The measured heights and diameters of p53 bound to the DNA samples are displayed in table 
4.4. As for the individual p53 proteins above, the measured diameter values were used with eq. 
4.1 to account for tip effects and obtain calculated diameters. Additionally, assuming the same 
height distortion factor 0.44 as above, the heights were calculated. These calculated height and 
diameters of p53 bound to DNA are also displayed in table 4.4. The first and second row for 
each DNA sample represents population 1 and 2 respectively. To simplify the following 
discussion, only the calculated height and diameter values will be used.  
 
Examining the dimensions of p53 bound to DNA samples, it can be seen that pET24a has larger 
dimensions of p53 than for the RE DNAs. However, this could be attributed to the smaller 
number of p53 molecules that were measured for pET24a.  
 
Table 4.4 Measured heights and diameters of p53 bound to DNA samples, and calculated dimensions 
Sample 
Measured  Calculated ⃰   
Height 
(nm) 
Diameter 1 
(nm) 
Diameter 2 
(nm) 
Height  
(nm) 
Diameter 1 
(nm) 
Diameter 2 
(nm) 
pET24a 
3.5 ± 1.1 24.9 ± 7.0 17.2 ± 1.9 7.9 ± 2.5 8.6 ± 1.8 4.1 ± 0.4 
8.3 ± 0.5 44.3 ± 2.6 26.2 ± 1.6 18.8 ± 1.2 27.4 ± 1.9 9.6 ± 0.7 
26DNA 
2.6 ± 0.3 21.6 ± 4.6 18.4 ± 4.5 5.8 ± 0.8 6.5 ± 1.1 4.7 ± 0.8 
4.7 ± 2.0   10.8 ± 4.6   
36DNA 
2.4 ± 0.3 17.4 ± 3.8 15.8 ± 3.6 5.4 ± 0.7 4.2 ± 0.7 3.5 ± 0.6 
3.9 ± 1.3 30.2 ± 9.9 28.3 ± 4.7 8.9 ± 2.9 12.7 ± 3.0 11.2 ± 1.4 
47DNA 
2.6 ± 0.6 16.4 ± 2.2 13.5 ± 1.3 5.9 ± 1.3 3.7 ± 0.4 2.5 ± 0.2 
5.5 ± 2.8 26.1 ± 10.0 21.6 ± 7.4 12.5 ± 6.3 9.5 ± 2.6 6.5 ± 1.6 
The first and second rows for each DNA samples correspond to population 1 and 2 respectively. 
⃰ Diameters are calculated using equation 4.1, whilst the height is estimated as having a reduction factor 
of 0.44, as calculated for DNA in section 4.2.  
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The DNA-bound p53 dimensions for population 1 are 7.9 x 8.6 x 4.1 nm for pET24a, 5.8 x 6.5 
x 4.7 nm for 26DNA, 5.4 x 4.2 x 3.5 nm for 36DNA, and 5.9 x 3.7 x 2.5 nm for 47DNA. These 
values are comparable to each other, and slightly smaller than the size of a dimeric polypeptide 
p53 crystal structure (8.95 x 6.60 x 4.57 nm), as mentioned in section 4.2. Additionally, the 
dimensions of individual dimeric p53 proteins that were determined in section 4.2 (6.6 x 2.6 x 
4.8 nm) are comparable to the DNA-bound p53 dimensions. Therefore, the p53 proteins bound 
to DNA that belong to population 1 are of dimeric form.  
 
Similarly, the DNA-bound p53 proteins belonging to population 2 were examined. Dimensions 
were calculated to be 18.8 x 27. 4 x 9.6 nm for pET24a, 8.9 x 12.7 x 11.2 nm for 36DNA, and  
12.5 x 9.46 x 6.5 nm for 47DNA. These dimensions are comparable to each other, and to those 
obtained for p53 alone (12.5 x 17.74 x 9.68 nm). The 26DNA-bound p53 height for population 
2 is 10.77 nm, which is comparable to the other population 2 values. Although the largest 
dimensions for pET24a-bound p53 is 27.4 ± 1.9 nm, this is still within the upper limit of the 
largest estimated diameter of p53 of 24.0 ± 3 nm.7 The dimensions for DNA-bound p53 suggest 
that population 2 proteins are tetrameric p53 bound to DNA. The difference in dimensions of 
the p53 bound to the DNA samples is expected to be a result of the dynamic nature of the p53 
interaction with DNA.  
 
The percentage of dimer and tetramer binding was examined, although substantially different 
percentage estimates were obtained for the height data compared to the diameter data. It is 
therefore not possible to determine the percentage of dimeric and tetrameric p53 in the simple 
manner used in section 4.3 for p53 alone. This is because the p53 bound to DNA is inherently 
altered by the DNA itself, and as different p53 conformations of DNA binding have been 
proposed,5,7 it cannot be confidently determined which dimension measurements are affected. 
However, it can be seen from the histograms in figures 4.12 and 4.13 that the population 1 
distributions have a higher relative frequency than the population 2 distributions. This could 
suggest that the dimeric species of p53 bound to DNA is more prominent than the tetrameric 
form.  
 
This AFM study shows that dimeric p53 protein binds to DNA, although the studies undertaken 
here cannot determine whether or not these would proceed to promote formation of tetrameric 
p53 on DNA. Tetramers of p53 are also observed to bind to all DNA samples. 
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4.4 Conclusion 
 
AFM has successfully been used to probe DNA, p53 and p53-DNA complexes at the single 
molecule level. DNA length measurements were comparable with expected values, whilst 
longer DNA lengths corresponded to the increasing length of inserted consensus fragment. 
Finite tip effects were observed for DNA measurements, where the diameter of DNA was 12.0 
± 3.2 nm compared to the expected diameter of 2.0 nm. As such, the tip was modelled as a 
sphere, and the radius was calculated to be 9.0 nm ± 0.7 nm. Although this is larger than the 
manufacturer’s specifications, it is reasonable considering that AFM tips can become blunt 
through repetitive ‘tapping’ on the sample surface. It was also observed that the height of DNA 
was reduced by a factor of 0.44 compared to the expected diameter.  
 
Through AFM studies of p53 bound to mica it was concluded that the p53 protein was 
predominantly dimeric at the concentrations used in these experiments, in agreement with 
previous publications. Dimensions of the p53 dimer were found to be 6.6 x 2.6 x 4.8 nm, which 
were shown to be similar to those for the crystal structure of a multi-domain p53 dimer. 
Therefore, the larger population of p53 protein with dimensions of 12.5 x 17.7 x 9.7 nm was 
determined to be tetrameric p53. Roughly 34 – 44 % of p53 was measured to be tetrameric, 
which was within the lower range of the estimated tetramer population percentage.  
 
Finally, p53-DNA complexes were successfully imaged with AFM. DNA lengths were found 
to be within error of those measured for DNA only samples. This confirmed that DNA folding 
was not mistakenly included in statistics. Positional binding analysis showed that the RE DNAs 
exhibited sequence specific p53 binding, whilst non-specific binding is also prominent. It can 
therefore be concluded that the consensus fragments within the RE DNAs induced sequence-
specific DNA binding for the p53 protein, whereas the pET24a DNA only displays non-specific 
binding. The percentage of DNA with bound p53 was significantly higher for 36DNA than for 
the other DNA samples. Examination of the dimensions of bound p53 proteins on DNA 
samples found that both dimers and tetramers of p53 bind to RE DNAs and pET24a.  
 
The findings in this chapter illustrate that single molecule detection methods are powerful tools 
for probing protein-DNA interactions. AFM was successfully used to distinguish between 
specific and non-specific binding of p53 to different DNA samples, and to determine different 
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forms of bound p53 protein. These findings provide key information about the p53-DNA 
interaction, which can be applied to other single molecule detection platforms. The next 
chapters look to detect and distinguish between different p53-DNA complexes with nanopore 
sensors. The ultimate goal is to distinguish specific and non-specific binding of p53 to DNA in 
a positional manner, similar to that discussed above.  
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Abstract 
 
This chapter discusses the study of DNA and DNA-p53 complexes with nanopipette sensors. 
The first section briefly describes the characterisation of the nanopipette devices, to determine 
the diameter of the nanopores. Section 5.2 investigates 47DNA and 47DNA-p53 complexes 
with nanopipettes. The translocation time of the DNA and complexes are examined and the 
filter frequency of 10 kHz is found to limit the temporal resolution such that information is lost 
from the data. Section 5.3 subsequently examines 36DNA, 36DNA-p53 complex and pET24a-
p53 complex with nanopipettes at a higher filtering frequency of 60 kHz to improve the 
temporal resolution. Event characteristics such as dwell time, capture rate, event charge deficit, 
and current modulation are investigated with a view to distinguishing between the samples. 
However, it is found that all event characteristics for 36DNA, 36DNA-p53 complex and 
pET24a-p53 complex are within error of each other and cannot distinguish between the 
analytes. Further experimental improvements are proposed to achieve discrimination between 
the samples examined here. 
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5.1 Nanopipette Characterisation 
 
In the previous chapter, the specific binding of p53 to the end of the RE DNAs was 
distinguished from non-specific binding. Additionally, both dimeric and tetrameric p53 was 
found to bind to all DNA samples. In this, and the following chapter, the p53-DNA interaction 
is investigated by nanopore devices. The ability of nanopores to distinguish between DNA and 
p53-DNA complexes and to determine the position and form of p53 bound to different DNA 
samples is investigated.  
 
Here, quartz nanopipettes are used to probe the interaction. Nanopipettes are inexpensive and 
quick to fabricate (< 10 s), with the advantage over silicon-supported nanopores of exhibiting 
low noise. They can also be made with a range of nanopore sizes, from several hundreds to 10s 
of nanometres, with SEM shrinking achieving very small pores.1 
 
 
 
Nanopipettes were characterised immersed in KCl solution, and IV curves are recorded to 
determine the conductance, G, as shown in figure 5.1. 1M KCl, 10 mM Tris-HCl, pH 8, is used 
throughout this chapter. Linear IV curves are obtained as expected at this salt concentration.2  
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Figure 5.1. Conductance of a nanopipette shown for two different devices, with the calculated inner 
tip diameters, di, of 23 nm and 35 nm.     
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Linear regression fitting is used to obtain the conductance value of each nanopipette device, 
which is then used with the following equation to estimate the inner diameter for the 
nanopipette tip. 
𝐺 =
𝑑𝑖𝐷𝑖𝜋
4(𝑙 + 𝜋 8⁄ (𝑑𝑖 + 𝐷𝑖))
𝑔                                                         (5.1) 
 
The parameters 𝑑𝑖, 𝐷𝑖, and 𝑙 are the inner diameter at the tip, the inner diameter at the base, 
and the length of the pipette taper. 𝑔 is the conductivity of the KCl solution (10.98 S/m). The 
values of 𝐷𝑖, and 𝑙 used in this thesis are 0.5 mm and 1.2 mm. These values were obtained by 
scanning electron microscopy (SEM) imaging by Thomas Gibb, a PhD candidate in the 
Albrecht group. 
 
Figure 5.2 shows an illustration of a translocation event and the corresponding main 
components. The open pore current (I0), blocked pore current (Ib), current blockade amplitude 
(ΔI = I0-Ib), the translocation time, or dwell time (τd), and event charge deficit (ecd; the intregral 
of the event area) are indicated in the current-time (I-t) trace schematic. These parameters will 
be investigated in the following sections to characterise the experimental results.  
 
 
Figure 5.2. Schematic of the translocation process, where I0 (pA) is the open pore current, Ib (pA) is 
the blocked pore current, ΔI (pA) is the current blockade amplitude, τd is translocation dwell time, 
and ecd (fAs) is the integrated event area, known as the event charge deficit.   
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5.2 Nanopipette Detection of 47DNA and 47DNA 
-p53 Complex 
 
In this section, the analysis of nanopipette translocations of 47DNA and 47DNA-p53 complex 
is undertaken. The filtering frequency is found to limit the temporal resolution significantly. 
 
Experiments were carried out independently, where nanopipettes, vials, solution and electrodes 
were freshly prepared as described in Chapter 2.2 and set up separately, so that no cross-
contamination would occur. Control measurements with buffer solution only were recorded at 
10 kHz filtering, 5 µs sampling rate.  
 
The conductance of the glass nanopores used for the translocation of 47DNA and 47DNA-p53 
were 62 and 71 nS, respectively, from which diameters of 20 and 23 nm were calculated using 
eq. 5.1. These are in excellent agreement with the diameter measured by SEM3 and comparable 
to pipettes in the literature.4,5  
 
a.                     b.                                     c.                              d. 
 
Figure 5.3. Example current-time traces displaying a. and b. 20 second recordings, and c. and d. 5 
ms sections. Current scale bars represent 200 pA for all. The time scale bar for a and b shows 5 s, 
whilst that for c and d represents 2 ms. Traces correspond to (1) control buffer traces, 1M KCl, 10 
mM Tris-HCl, pH 8 at 500 mV, and 47DNA (49 pM) at (2) 400 mV, (3) 500 mV, (4) 600 mV, (5) 
700 mV, (6) 800 mV. The control traces show no events whilst the DNA traces show events of 
increasing amplitude.  
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47DNA was then added to the vial compartment to a final concentration of 49 pM. 
Translocation experiments of DNA were successfully carried out at five applied voltages: 400, 
500, 600, 700, and 800 mV. Figure 5.3(1) shows example current-time traces for control 
measurements at 500 mV, whilst Figure 5.3(2)-(6) show traces for 47DNA translocating 
through a nanopipette at applied voltages of 400 - 800 mV respectively.  
 
The DNA traces show characteristic drops in the measured current, corresponding to a 
translocation event, while the control shows no events. No translocation events were observed 
below 400 mV. 
 
47DNA was incubated with p53 protein as described in 2.1.2 at a p53:DNA ratio of 224:1. 
Control current time traces were obtained with only buffer, and then the 47DNA-p53 complex 
was added to the vial compartment to a final concentration of 49 pM, and 11 nM for 47DNA 
and p53 respectively. Translocation experiments of DNA-p53 complex were performed at 400 
mV, 500 mV, 600 mV, and 700 mV.  
 
 
a.                                     b.                                   c.                               d. 
 
Figure 5.4. Example current-time traces displaying a. and b. 20 second recordings, and c. and d. 5 
ms sections.  Current scale bars represent 200 pA for all. The time scale bar for a and b shows 5 s, 
whilst that for c and d represents 2 ms. Traces correspond to (1) control buffer traces, 1M KCl, 10 
mM Tris-HCl, pH 8 at 500 mV, and 47DNA-53 (49 pM-11 nM) at (2) 400 mV, (3) 500 mV, (4) 600 
mV, (5) 700 mV. As for the case of the DNA in figure 5.2, the control traces show no events whilst 
the DNA traces show events of increasing amplitude.  
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Figure 5.4(1) shows control buffer current-time traces, whilst figure 5.4(2)-(5) shows traces for 
47DNA-p53 complex at voltages of 400 - 700 mV, respectively. No events are observed in the 
control traces, whilst events can be seen for all applied voltages for the complex. 
 
The events are analysed at a cut-off level of 3σ for all voltages for 47DNA. Events for 47DNA-
p53 complex at 400 and 500 mV were analysed at 3σ, whereas data at 600 mV and 700 mV 
were analysed at 4σ.  
 
At the higher applied voltages of 600 and 700 mV, the current-time traces exhibited more 
fluctuations, as can be seen in figure 5.4, when comparing (2-3) with (4-5). This increase in 
noise with applied voltage has been observed previously.6 Therefore, a higher cut-off was 
required to distinguish the translocation events from the baseline noise at 600 and 700 mV. The 
higher cut-off level results in the minimum value of peak amplitude for detected events being 
higher than for a lower cut-off. This inevitably leads to fewer detected events, however a higher 
cut-off results in a higher confidence in the obtained data. This will mean that the translocation 
frequencies cannot be compared for this data set.  
 
Distributions of dwell time are shown in figure 5.5a and b for translocation events at 400 – 800 
mV for 47DNA and at 400 – 700 mV for 47DNA-p53 complex. The number of events for 
47DNA were 627, 218 209,484, and 774 events for 400 - 800 mV respectively. Similarly, 83, 
263, 280 and 77 events were recorded for 400 – 700 mV respectively for 47DNA-p53 complex. 
Lognormal distributions were found to fit the dwell time histograms well. To obtain the most 
probable dwell times from the histograms, the distributions were plotted on a semi-logarithmic 
scale and Gaussian distributions were fitted. The mean value and the standard deviation of the 
Gaussian fitting were obtained. As repeats of the data were not obtained, these values give an 
indication of the range within which the most probable dwell time value will be found. It is 
important to note that they do not provide a mean of the dwell time or the corresponding 
standard deviation of a number of repeated experimental data sets, as is found in the literature. 
The most probable dwell time ranges are displayed in table 5.1.  
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The dwell times at 400 mV differ the most compared to the other applied voltages, where 
47DNA resides within the pore for twice the duration than at 500 mV. The 47DNA-p53 
complex is also slower, but not to the same extent. For applied voltages of 500 mV and above, 
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Figure 5.5. Histograms of translocation time for a. 47DNA and b. 47DNA-p53 at voltages 400 mV 
(green), 500 mV (blue), 600 mV (purple), 700 mV (orange) and 800 mV (magenta). Lognormal 
distribution fitting on a linear scale was found to fit the data well. To obtain dwell time values, 
Gaussian distributions were fitted on a semi-log scale, as shown here. Most probable dwell time 
ranges are shown in table 5.1. Plot c shows dwell time against voltage for 47DNA and 47DNA-p53 
complex respectively. Both have an overlaid best fit dashed line.  
Table 5.1. Most Probable Dwell Times for 47DNA and 47DNA-p53 Complex 
Sample 
Most Probable Dwell Time Range (ms)  
-400 mV -500 mV -600 mV -700 mV -800 mV 
47DNA 0.14 – 0.32 0.10 – 0.12 0.10 – 0.12 0.10 – 0.12 0.10 – 0.12 
47DNA-p53  0.11 – 0.13 0.10 – 0.12 0.10 – 0.12 0.10 – 0.12  
c 
a b 
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the dwell times for 47DNA and 47DNA-p53 complex are almost identical and within error of 
each other. A plot of the dwell time vs applied voltage is shown in figure 5.5c.  
 
The lack of change in dwell time with increasing voltage above 500 mV suggests the filter 
frequency of 10 kHz limits the time resolution of the experiment. This leads to a minimum 
temporal resolution of approximately 0.1 ms which is very close to the values for dwell time 
obtained for both samples, except at 400 mV. The shape of short pulses close to the filter cut-
off frequency (𝑓𝑐) will be distorted and the pulse amplitude will be attenuated.
7 For the Bessel 
filter employed here, the rise time, 𝜏𝑟𝑖𝑠𝑒, is the time that it takes for the signal to increase from 
10 % to 90 % of its maximum value.8 For 10 kHz, this is approximately 35 µs (𝜏𝑟𝑖𝑠𝑒 ≈
0.35 𝑓𝑐
−1). Distortion occurs for pulse durations, 𝜏𝑑 ≤ 2𝜏𝑟𝑖𝑠𝑒, such that in this case, events 
shorter than 70 µs cannot be accurately detected. It can be seen from figure 5.5a and b that the 
dwell time histograms appear to cut off around 0.1 ms. 
 
The event characteristics obtained above 500 mV do not allow for a reliable distinction between 
47DNA and 47DNA-p53 complex samples. It cannot be ruled out that the filtering frequency 
chosen for these experiments limits the time resolution at and above 500 mV. This is somewhat 
surprising, as 5 and 10 kHz are commonly used filtering frequencies in nanopore 
experiments.4,9,10However, the 400 mV data was not affected by the filter frequency. Therefore, 
considering only the data at 400 mV the translocation time of 47DNA-p53 complex was 
compared to that obtained for bare 47DNA. The 47DNA-p53 complex passes through the pore 
with a most probable translocation time of 0.12 ± 0.01 ms compared to 0.23 ± 0.09 ms for 
47DNA. It can be seen that the 47DNA-p53 complex passes through the pore roughly twice as 
fast as the bare 47DNA at 400 mV. Therefore, the dwell time data can be used to distinguish 
between 47DNA-p53 complex and bare 47DNA. It is important to note that a low number of 
events were recorded for the 47DNA-p53 complex. Thus further studies are required to confirm 
this experimental findings and to fully examine the dynamics of the translocation of 47DNA 
and 47DNA-p53 complex.     
 
Indeed, it would be prudent to explore higher filtering frequencies to avoid any loss of temporal 
resolution and associated biomolecular information. Additionally, investigating lower applied 
voltages would be of interest to examine if the difference between translocation times at 
47DNA-p53 complex and bare 47DNA can be seen at different voltages. Taking these points 
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into consideration, the following section investigates the 36DNA, 36DNA-p53 complex and 
control pET24a-p53 complex. A higher filtering frequency was applied to determine if 
nanopipettes can be used successfully to determine between DNA and different DNA-p53 
complexes.   
 
5.3 Nanopipette Detection of 36DNA, 36DNA-
p53 and pET24a-p53 Complexes 
 
Nanopore experiments to investigate 36DNA, 36DNA-p53 complex and pET24a-p53 complex 
were performed as described for 47DNA experiments above. Nanopore characteristics were 
investigated but no distinction was achieved between bare DNA and p53-DNA complexes. 
 
All nanopipettes were prepared before use, and experiments were undertaken independently 
with new vials, solutions and electrodes. In the following experiments the filtering frequency 
was set at 60 kHz, with a 4 µs sampling rate. Control measurements of buffer solution only 
were recorded to ensure no contamination was present. The conductance of the nanopores used 
in these experiments were calculated using eq. 5.1.  Conductance values of 107 nS, 118 nS, 
and 118 nS were obtained for pipettes which correspond to nanopore diameters of 35 nm for 
36DNA translocation experiments, and 38 nm for both 36DNA-p53 and pET24a-p53 complex 
respectively. The diameters of these pipettes were larger than the values obtained above. Pores 
typically became irreversibly blocked after recording a sufficient number of events with one 
analyte, and thus different pores were used for each analyte. Additionally, for initial 
investigations it was important to distinguish clearly between different analytes, particularly in 
the case of the DNA-p53 complexes where a mixture of DNA and DNA-p53 complex may be 
present. Therefore, different pores ensured no contamination between samples.  
 
Both 36DNA and pET24a DNAs were incubated with p53 as described in 2.1.2 at a p53 to 
DNA ratio of 80:1. Control buffer experiments showed no events in the current-time traces. 
Translocation experiments were performed at final DNA concentrations of 100 pM for 36DNA, 
and 10 pM for 36DNA- and pET24a-p53 complexes. Applied voltages were - (300 mV - 600) 
mV, although 36DNA only has data for - (300 - 500) mV, and 36DNA-p53 complex for - (400 
- 600) mV.  
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The example translocation events at -500 mV are shown in figure 5.6. Figure 5.6a (1-4) shows 
example one minute current traces for blank 1M KCl buffer, 36DNA, 36DNA-p53 complex 
and pET24a-p53 complex respectively, whilst figure 5.6b shows single translocation events for 
each sample.  
 
It can be seen that the magnitude of the current drop is larger for 36DNA, whilst the current 
drops appear to be similar for the complex translocations. This could be due to a smaller pore 
being used for the 36DNA experiment, compared with the other two experiments, as volume 
exclusion due to DNA will be greater for a smaller pore. Indeed, the shape of the events also 
appears different, such that a single peak is observed for the 36DNA, whilst both complexes 
appear to have some single peak events, and some longer dwell time events with additional 
features.  
 
The following sections investigate the event characteristics such as dwell time, event 
frequency, event charge deficit, and current blockade amplitude for 36DNA, 36DNA-p53 
complex, and pET24a-p53 complex respectively.  
  
 (1)  
 
 
 (2) 
 
 
 
 (3) 
 
 
 
 (4) 
 
          b. 
Figure 5.6.  a. Extract from typical one minute long current time traces obtained at an applied bias 
voltage of 500 mV for (1) blank buffer (2) 100 pM 36DNA (3) 10 pM 36DNA-p53 complex and (4) 
10 pM pET24a-p53 complex. Both p53/DNA ratios are 80. It can be seen from (1) that no 
translocation events can be seen for the buffer solution only. All scale bars for a. represent a current 
of 100 pA and a time of 5 s. b. Corresponding single translocation events for DNA and DNA-p53 
complex samples. Scale bars show 100 pA and 200 µs for all traces in b. 
a. 
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5.3.1 Dwell Time and Capture Rate 
  
This section investigates whether the bare DNA and DNA-p53 complexes exhibited different 
capture dynamics and translocation times. The dwell time of translocation events were plotted 
as histograms, as shown in figure 5.6, and the most probable dwell times were obtained by 
plotting lognormal distributions, as described in section 5.2.  
 
The number of events obtained for 36DNA were 495, 1125 and 1594 for 300, 400 and 500 mV 
respectively. For 36DNA-p53 complex, the number of events were 97, 236 and 157 for 400, 
500 and 600 mV respectively. An applied voltage of 300 mV did not return enough events 
(n=19) for 36DNA-p53 complex. Lastly, 90, 229, 357 and 358 events were recorded for the 
translocation of pET24a-p53 complex for 300, 400, 500 and 600 mV respectively.   
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Figure 5.7. Histograms of translocation time for a. 36DNA, b. 36DNA-p53 and c. pET24a-p53 
complex at voltages -300 mV (red), -400 mV (green), -500 mV (blue) and -600 mV (purple). 
Lognormal distribution fitting gives most probable dwell times shown in table 5.2. d. shows dwell 
time against the magnitude of voltage for 36DNA (blue squares), 36DNA-p53 complex (red circles) 
and pET24a-p53 complex (green triangles) respectively. The dwell time for all samples are within 
error of each other.  
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The most probable dwell time ranges for all three samples are shown in Table 5.2. Dwell time 
values for all three samples at each applied voltage were within error of each other and therefore 
dwell time statistics cannot be used to reliably distinguish between DNA and DNA-p53 
complexes. This is surprising because the 47DNA and 47DNA-p53 complexes showed a 
difference in most probable dwell times at 400 mV in the previous section. However, those 
experiments used smaller pore diameters than those used here. As a smaller pore results in a 
larger percentage of excluded volume and therefore a more sensitive detection of the analyte, 
the translocation of a DNA-p53 complex could be easier to distinguish from bare DNA than 
with the larger pores in these experiments.  
 
Now, the capture rate, 𝑅𝑐, is examined for all three samples. The plot in figure 5.8 shows the 
dependence of 𝑅𝑐 on the applied voltage for 36DNA, 36DNA-p53 complex and pET24a-p53 
complex.  
 
The capture rates for all samples display an exponential increase with applied voltage (shown 
by the fitted lines), where the slopes yield values of 5.1 ± 0.1 V-1, 3.3 ± 0.1 V-1 and 2.1 ± 0.9 
V-1 for 36DNA, 36DNA-p53 complex and pET24a-p53 complex respectively. This indicates 
that the experiments here are activation-limited. It is often found that activation barriers are 
observed for small pore diameters,11 however the pore diameters used here are larger. It is 
therefore of interest to know the radius of gyration of the DNA molecules to confirm this 
finding. 
 
 
Table 5.2. Most Probable Dwell Time for 36DNA, 36DNA-p53 complex and pET24a-p53 complex. 
Sample 
Most Probable Dwell Time Range (ms) 
-300 mV -400 mV -500 mV -600 mV 
36DNA 0.11 – 0.25 0.09 – 0.25 0.11 – 0.23  
36DNA-p53   0.12 – 0.22 0.11 – 0.21 0.11 – 0.19 
pET24a-p53 0.17 – 0.29 0.15 – 0.25 0.13 – 0.25 0.12 – 0.24 
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The radius of gyration, 𝑅𝑔, of the DNA molecules used in these experiments (5310 bp – 5338 
bp) was calculated by: 12–14 
𝑅𝑔 = 𝑙𝐾𝑢ℎ𝑛√
𝑁𝐾𝑢ℎ𝑛
6
                                                         (5.2)  
 
Where 𝑙𝐾𝑢ℎ𝑛 = 2𝑙𝑝, and 𝑙𝑝 is the persistence length of DNA which is a measure of the 
‘stiffness’ of the worm-like coil (𝑙𝑝 = 50 nm).
13 The number of Kuhn segments was calculated 
from the contour length 𝐿𝑐 of the DNA (~0.34 nm/base pair) and the persistence length such 
that 𝑁𝐾𝑢ℎ𝑛 = 𝐿𝑐 𝑙𝐾𝑢ℎ𝑛⁄ .  
 
Eq. 5.2 yields 𝑅𝑔 ~ 175 nm for the random coil of DNA formed here which is larger than the 
pore diameters (35 - 38 nm). This implies that the DNA must at least partially uncoil to thread 
through the pore and indeed results in an activation-limited process.  However, the capture 
rates for all samples are all within error of each other, which means that the capture rate does 
not provide a suitable method to distinguish DNA and DNA-p53 complexes from one another. 
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Figure 5.8. The capture rate, is plotted vs applied voltage. It can be seen that all samples obey an 
exponential increase in capture rate with increasing voltage. Fitted slopes yield values of 5.1 ± 0.10 V-
1, 3.3 ± 0.1 V-1 and 2.1 ± 0.9 V-1 for 36DNA, 36DNA-p53 complex and pET24a-p53 complex 
respectively. The capture rates are all within error of each other. 
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5.3.2 Event Charge Deficit 
 
This section examines whether the event charge deficit can be used to determine between bare 
DNA and DNA-p53 complexes. The measurement of current as a function of time through a 
nanopore is a measure of the net transport of charged species.15 The passage of a DNA molecule 
through the nanopore causes a modulation of the current, such that the charge can be estimated 
by the excluded ionic charge. The ecd is expected to be constant for molecules of the same 
size, regardless of conformation.16 It is therefore interesting to examine whether the binding of 
p53 to DNA of similar lengths affects the ecd. 
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Figure 5.9. Relative frequency of ecd of a. 36DNA, b. 36DNA-p53 complex and c. pET24a-p53 
complex. The different colours represent the applied voltage (-300 mV – red; -400 mV – green; -500 
mV – blue; -600 mV – purple). Fitted Gaussian distributions gives most probable ecd values as shown 
in table 5.3. d. shows the most probable ecd plotted as a function of voltage for 36DNA (blue squares), 
36DNA-p53 (red circles) and pET24a-p53 complex (green triangles). The charge of DNA and 
complex analytes are within error of each other. Error bars represent the standard deviation obtained 
from the Gaussian fits.  
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The integrated current modulation over the event duration gives the integrated charge, which 
is also referred to as the event charge deficit (ecd). This is shown in figure 5.1 and is defined 
as: 16 
𝑒𝑐𝑑 = ∫ Δ𝐼(𝑡)𝑑𝑡
𝑒𝑣𝑒𝑛𝑡
                                                             (5.3) 
Here, Δ𝐼 is the change in current due to translocation of DNA. Distributions of ecd for 
translocations of 36DNA, 36DNA-p53 and pET24a-p53 complex are shown in figure 5.9a, b, 
and c respectively. Gaussian distributions were fitted to the histograms and give most probable 
values of ecd, which are shown in table 5.3. 
 
The ecd for all of these samples are similar to values published for nanopipette translocations 
of 5 kb DNA of 6.48 ± 2.93 fAs.9 It can be seen from figure 5.9d that the charge of 36DNA, 
36DNA-p53 complex and pET24a-p53 complex were within error of each other. At 400 mV, 
the equivalent charge transfer during the translocation process is -33.3 ± 10.7, -33.3 ± 2.8, and 
-48.2 ± 6.1 ke for 36DNA, 36DNA-p53 complex and pET24a-p53 complex respectively. 
 
To investigate why the ecd values above are indistinguishable from each other, consider that 
the p53 protein is a negatively charged protein, with an estimated charge of -6.8 e for the p53 
monomer at pH 8.0 in the absence of counter-ion condensation.17  This estimate of charge 
shows that, although the p53 protein has been found to be negatively charged, it is significantly 
smaller than the bare charge of DNA of -2 e/bp.18 As an approximation, if only one tetramer of 
p53 binds to DNA, as observed with AFM in 4.3, the expected change in charge ignoring 
condensation effects will be roughly 0.3 % compared to bare DNA. As such a one-tetramer 
p53-DNA complex will not be distinguishable from the bare DNA by charge alone. As 
expected, the nanopore ecd values obtained from the transient current drops do not show a 
significant change in the charge of the DNA when p53 protein is bound to it. In the case of 
nanopipettes used for these experiments, the charge cannot be used to distinguish between the 
analytes of interest.  
Table 5.3. Most Probable ecd for 36DNA, 36DNA-p53 complex and pET24a-p53 complex. 
Sample 
Most Probable ecd Range (fAs) 
-300 mV -400 mV -500 mV -600 mV 
36DNA -(3.8 – 6.4) -(3.6 – 7) -(4.7 – 7.5)  
36DNA-p53   -(4.9 – 5.7) -(5 – 6.6) -(5.3 – 6.9) 
pET24a-p53 -(5.5 – 6.9)  -(5.9 – 7.7) -(6.7 – 8.7) -(6.8 – 9.2) 
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5.3.3 Current and Conductance Modulation 
 
In order to determine if other characteristics of the nanopore translocation events can provide 
a distinction between the DNA and p53-DNA complexes, the peak amplitude of the events was 
analysed. Figure 5.10a, b, and c shows the histograms of the magnitude of the current drop due 
to passage through the nanopore of 36DNA, 36DNA-p53 complex and pET24a-p53 complex 
respectively. Log-normal distributions were fitted to the histograms and most probable values 
of peak current drop were obtained from the fitting, as shown in table 5.4.  
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Figure 5.10. Histograms of current drop for translocations of a. 36DNA, b. 36DNA-p53 complex and 
c. pET24a-p53 complex. Lognormal distributions were fitted to the histograms to obtain most 
probable values as shown in table 5.4. d. Plot of current drop vs voltage for 36DNA (blue squares), 
36DNA-p53 complex (red circles), and pET24a-p53 complex (green triangles). It can be seen that the 
magnitude of the current drop increases with applied voltage, although the values are within error of 
each other for all analytes.  
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Figure 5.10d shows the most probable current drop vs voltage for each sample, where 36DNA 
is shown by blue squares, 36DNA-p53 complex by red circles and pET24a-p53 complex by 
green triangles. Measured current blockages are observed to increase linearly with voltage for 
36DNA, pET24a-p53 complex and 36DNA-p53 complex. The most probable current drop for 
all samples are within error of each other, at all applied voltages. 
 
To determine if the size of the nanopore used affects the results shown here, the conductance 
change normalised to the open pore conductance (ΔG/G) is examined. The conductance change 
is the current blockade amplitude divided by the applied voltage (∆𝐺 = ∆𝐼/𝑉), while the open 
pore conductance is given by 𝐺 = 𝐼0/𝑉. Therefore, the relative conductance blockade, ΔG/G, 
gives the percentage change in the conductance and allows for comparison between nanopores 
with different diameters. The ΔG/G values vs applied voltage are plotted in figure 5.11.  
Table 5.4. Most Probable Current Drop for 36DNA, 36DNA-p53 complex and pET24a-p53 
complex. 
Sample 
Most Probable Current Drop Range (pA) 
-300 mV -400 mV -500 mV -600 mV 
36DNA 58.5 – 66.1 62.6 - 73.2 65.6 – 87.0  
36DNA-p53   66.4 – 71.6 71.5 – 78.3 84.3 – 92.9 
pET24a-p53 63.0 – 64.2 67.0 – 73.2 73.6 – 84.8 84.6 – 98.8 
 
Figure 5.11. The percentage change in conductance normalised to the open pore conductance vs 
applied voltage. It can be seen that although the change in conductance decreases with applied 
voltage, the trend remains constant. All values are within error of each other and can therefore not be 
distinguished from each other confidently.  
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At -500 mV, the relative conductance blockade is 0.14 ± 0.02 %, 0.13 ± 0.01 % and 0.12 ± 
0.01 % for 36DNA, pET24a-p53 complex and 36DNA-p53 complex respectively. The small 
values for the relative conductance blockade are attributed to the larger pore diameters used for 
these experiments. A larger pore diameter will lead to a smaller change in conductance than 
for a smaller pore of the same length. The ΔG/G values are within error of each other and 
therefore cannot be used to confidently distinguish between 36DNA, pET24a-p53 complex and 
36DNA-p53 complex.   
 
5.4 Conclusion  
 
In this chapter, nanopipettes have been shown to be able to detect single DNA molecules, 
however, they cannot be used to confidently distinguish between DNA and DNA-p53 
complexes in this instance. The nanopipette experiments examining 36DNA, 36DNA-p53 
complex and pET24a-p53 complex were conducted using nanopores greater than 30 nm in 
diameter. More sensitive detection of DNA-p53 complexes could be achieved with nanopores 
of a similar diameter to the analyte, as the smaller pore would result in a larger percentage of 
the ions being displaced when the analyte entered. This is especially important for the detection 
of one p53 molecule bound to DNA, whereas protein coated DNA has successfully been 
detected using nanopores previously.19  
 
It was shown in the first section of this chapter that the filter frequency limited the temporal 
resolution of the nanopore experiments, leading to a loss of information for the experiments on 
47DNA and 47DNA-p53 complex. This led to a higher filter frequency being applied for the 
36DNA and complex experiments, which was seen to provide sufficient temporal resolution to 
detect changes in the dwell time of events at different applied voltages. However, the dwell 
times, ecd, ΔG/G and event capture rate were within error of each other for all samples, which 
did not allow for reliable distinction between samples.  
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Abstract 
 
This chapter investigates the 36DNA, 36DNA-p53 complex and pET24a-p53 complex with 
planar, low-noise nanopore devices. First, the characterisation of nanopore devices is discussed 
and example current-time traces are given for each translocation experiment. In section 6.2 the 
conductance blockade and dwell time characteristics are examined to distinguish between bare 
DNA and DNA-p53 complexes. The presence of multi-level events are discussed and the 
charge of bare DNA and DNA-p53 complexes is investigated. An examination of the effect of 
applied voltage on translocation times results in the conclusion that the translocation of samples 
in this chapter is an activated process. The ability to distinguish between bare DNA and DNA-
p53 complexes has been shown for the first time, although no clear difference is observed 
between 36DNA-p53 complex and pET24a-p53 complex. Further studies are proposed to 
improve on the results obtained here.  
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6.1 Nanopore Device Characterisation 
 
This chapter investigates planar nanopore devices as a method for single molecule detection, 
with a focus on the analytes used in chapter 5.2: 36DNA, 36DNA-p53 complex and pET24a-
p53 complex. The emphasis of the research discussed in this chapter is on the improvement of 
nanopore single-molecule detection by using smaller pore sizes, with a view to successful 
discrimination between DNA and DNA-p53 complexes.  
 
The nanopore devices used in this chapter consist of a Si3N4 free-standing membrane with a 
quartz substrate. Many solid-state nanopore devices have silicon substrates,1–3 whereas the 
quartz in these devices is a low-noise dielectric substrate. This key feature of these nanopore 
devices has been shown to reduce the noise of the ionic current at high frequencies4 and permits  
the detection of translocation events at applied filter frequencies ≥ 100 kHz.  
 
The nanopore devices were prepared as described in 2.2.6, and IV recordings were taken to 
examine the conductance of each pore. The resultant IV curves are shown in figure 6.1 and 
linear fits obtained conductance values, 𝐺𝑝𝑜𝑟𝑒, of 67 nS, 104 nS and 118 nS for nanopores used 
in the translocation of pET24a-p53, 36DNA and 36DNA-p53 respectively.  
 
DNA translocations typically ended when the baseline current level dropped irreversibly, 
which is likely due to DNA sticking to the nanopore surface. Due to this irreversible blockage, 
different nanopores were used for each analyte of interest. It should also be noted that the 
nanopore membranes were very fragile and often fractured after prolonged use (of greater than 
2 hours).  
 
As the IV measurements were conducted in 1M KCl buffer solution, the surface charge 
contributions are negligible, and the simplified equation for the conductance (eq. 1.1) can be 
used to estimate the diameter of the pore, 𝑑𝑝𝑜𝑟𝑒 :
5 
𝐺𝑝𝑜𝑟𝑒 = 𝜎
𝜋𝑑𝑝𝑜𝑟𝑒
2
4𝐿𝑝𝑜𝑟𝑒
                                                         (6.1) 
 
Here, 𝜎 =10.98 Ω-1m-1 at room temperature, and  𝐿𝑝𝑜𝑟𝑒 = 18 nm, as determined by the Kim 
group at Seoul National University. Nanopore diameters of 12 nm, 15 nm and 16 nm were 
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calculated using equation 6.1 for the devices used to translocate pET24a-p53, 36DNA and 
36DNA-p53 complex respectively. The pore sizes were all larger than the largest dimension 
for p53 of 8.8 nm from cryo-EM,6 and therefore deemed large enough to allow translocation 
of DNA-p53 complexes. They are also significantly smaller in diameter than the nanopipettes 
used in chapter 5.  
 
 
 
Following characterisation of the nanopore sizes, buffer only traces were recorded for ~ 5 
minutes. These traces contained no translocation events, as shown in figure 6.2. DNA or DNA-
p53 complexes were then added to the buffer compartment, and once a voltage was applied 
across the nanopore, translocation events were observed. The translocation of 36DNA was 
sampled at 250 kHz, whilst the DNA-p53 complex experiments were sampled at 1 MHz. All 
three translocation experiments were performed at 1 M KCl 10 mM Tris-HCl, pH 8.0 and 
filtered at 100 kHz. Figure 6.2 shows typical traces and events for each analyte, which will be 
discussed in further detail in 6.2.1.  
 
 
 
 
Figure 6.1. IV plot for nanopore devices used to translocate 36DNA (black squares), 36DNA-p53 
complex (magenta diamonds) and pET24a-p53 complex (blue circles). Linear fits obtain Gpore values 
of 104 nS, 118 nS and 67 nS corresponding to pore diameter of 15 nm, 16 nm and 12 nm for devices 
used to examine 36DNA, 36DNA-p53 complex and pET24a-p53 complex respectively.  
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Figure 6.2. Representative ionic current traces of 1s duration and typical translocation events for 
36DNA, 36DNA-p53 complex and pET24a-p53 complex at 200 mV. Current-time traces were 
recorded at 1M KCl 10 mM Tris-HCl (pH 8.0), filtered at 100 kHz and sampled at 250 kHz and 1 
MHz, for 36DNA, and DNA-p53 complexes respectively.  
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6.2 Nanopore Detection of p53-DNA Complexes 
 
The next section discusses the discrimination between DNA only and p53-bound DNA events 
for both 36DNA-p53 and pET24a-p53 samples. Both DNA samples were found to form 
complexes with p53, while free DNA populations were also observed that were comparable to 
the translocation events for 36DNA only. In 6.2.1 the relative conductance blockade and dwell 
time are used to successfully distinguish between bare DNA and p53-bound DNA. The next 
section, 6.2.2, then discusses the ecd for the DNA only and p53-bound DNA populations, 
which are found to be the same. This leads to an explanation of the difference between the 
event characteristics. Lastly, the effect of voltage on the dwell time shows that the translocation 
is an activated process.  
 
6.2.1 Relative Conductance Blockade and Dwell Time  
 
A total number of 273, 304 and 154 events for 36DNA, 36DNA-p53 complex and pET24a-p53 
complex respectively were analysed at an applied voltage of -200 mV. The relative 
conductance blockade (ΔG/G) versus dwell time (τd) for translocation events of 36DNA, 
36DNA-p53 complex and pET24a-p53 complex are shown in a semi-logarithmic scatter plot 
in figure 6.3a and b. The relative conductance blockade and the dwell time are defined in 
chapter 5. Briefly, the relative conductance blockade (ΔG/G) is the conductance blockade 
amplitude (ΔG) of the nanopore due to the presence of the analyte, which is normalised to the 
open pore conductance value (G). The dwell time is the duration of the translocation event, as 
shown in figure 5.2. 
 
Figure 6.3a shows the 36DNA data on its own to allow for a clear comparison with the 
complexes in figure 6.3b. It can be seen that there are two distinct groups, which will be 
characterised by their conductance blockade and dwell time values. Group 1 events exhibit a 
large ΔG/G of between 1.7 % and 10 %, and Group 2 events display a relatively low ΔG/G of 
less than 1.7 %, as can also be seen in the histograms in figure 6.3c. The duration of events 
belonging to Group 2 shows a large spread with values ranging from ~ 2 x 10-5 to 1 x 10-2 s, 
whilst the Group 1 blockades show a spread with dwell times of ~ 1 x 10-5 to 9 x 10-3 s, with 
the majority of the events translocating faster than ~2 x 10-4 s. 
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The most probable relative conductance and dwell time values were obtained by fitting 
Gaussian distributions to the ΔG/G and dwell time histograms shown in figure 6.3c and d 
respectively. The most probable values are given in table 6.1, where the errors denote the 
standard deviation of the fitted Gaussian distributions. 
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Figure 6.3.a. Scatter plot of dwell time versus ΔG/G of 36DNA translocation events shown 
individually for clarity of comparison with b. b. Scatter plot of dwell time versus ΔG/G of 36DNA 
(black squares), 36DNA-p53 complex (magenta diamonds) and pET24a-p53 complex (blue circles) 
translocation events. The dotted circles indicated two distinct groups of events: Group 1 (red), and 
Group 2 (blue). c. Histogram of ΔG/G for 36DNA (black), 36DNA-p53 complex (magenta) and 
pET24a-p53 complex (blue). Gaussian distributions were fitted to the data to obtain most probable 
ΔG/G values. Both DNA-p53 complexes exhibit a peak at less than 1.7  %, whilst 36DNA translocation 
events exhibit values of greater than 1.7 %. d. Histograms of dwell time for 36DNA (black), 36DNA-
p53 complex (magenta), and pET24a-p53 complex (blue). Gaussian distributions were fitted to the 
data to obtain most probable values of dwell time.  It can be seen that 36DNA has a short dwell time 
distribution, whereas the DNA-p53 complexes display longer dwell times.  
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Table 6.1. Most probable relative conductance and dwell time values for 36DNA, 36DNA-p53 
complex and pET24a-p53 complex. 
Sample ∆𝐺1/𝐺 (%) ∆𝐺2/𝐺 (%) ∆𝐺3/𝐺 (%) τ1 (µs) τ2 (µs) 
36DNA 2.05 ± 0.22 3.08 ± 0.55  50 ± 23  
36DNA-p53 0.80 ± 0.06 0.97 ± 0.04  50 ± 10 270 ± 236 
pET24a-p53 0.89 ± 0.04 2.59 ± 0.22 4.55 ± 0.17 49 ± 14 351 ± 171 
 
It can be seen that both of the DNA-p53 complexes exhibit events which belong to Group 2, 
whilst pET24a-p53 complex also shows two populations with larger conductance values 
belonging to Group 1. Additionally, two populations were found for the dwell time values for 
both DNA-p53 complexes, where τ1 is in excellent agreement with the most probable dwell 
time for 36DNA and τ2 is significantly larger at values of greater than 200 µs. The 36DNA 
translocation was performed with no p53 present and it can be clearly seen from figure 6.3a 
that these events are similar to the Group 1 blockades that were measured for both DNA-p53 
complex translocations, whilst no events exist that can be categorised as Group 2 blockades.   
 
The Group 2 blockades are therefore identified as translocation events of DNA-p53 complexes, 
whilst the Group 1 events result from translocation of DNA only. Figure 6.4a and b shows 
typical events for 36DNA, 36DNA-p53 complex and pET24a-p53 complex of conductance 
blockade populations of DNA and DNA-p53 complex respectively. The events were extracted 
from an excel sheet containing the current value per time step (1 µs) recorded during analysis 
with Matlab. It can be seen in the events shown for the DNA-p53 complexes that the event 
duration is longer than for the DNA only Group. Whilst the conductance blockade is smaller 
for the DNA-p53 complexes than for the DNA only type events, there are individual peaks in 
the events which are larger in conductance than the rest of the event. Indeed, the ‘DNA only’ 
events can also be seen in figure 6.2, explaining why they appear similar for different samples.  
 
The percentage of events that exhibit ‘DNA only’ characteristics, defined as ΔG/G > 1.7 %, is 
100 %, 8.2 % and 32.3 % for 36DNA only, 36DNA-p53 complex and pET24a-p53 complex 
respectively. This indicates that 36DNA forms more complexes with p53 than pET24a, which 
is in agreement with the AFM findings.  
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The conductance blockade results from a combination of the volume of the translocating 
molecule and its effective charge.5 At the high salt concentrations used in these experiments, 
the bulk behaviour dominates, and the conductance can be calculated using eq. 6.1.  
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Figure 6.4. Plots of ΔG/G versus time display typical events for populations of a. Group 1 type 
translocation events and b. Group 2 type translocation events for 36DNA, 36DNA-p53 complex and 
pET24a-p53 complex. It can be seen for Group 1 events that the relative conductance blockade is 
larger than 1.7 %, whilst the dwell time is short (< 100 µs). The DNA-p53 complex type events exhibit 
smaller conductance blockades but significantly longer dwell times, with individual peaks in some 
events reaching larger conductance values.  
b 
a 
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The expected conductance blockade for DNA can be calculated based on the relative areas of 
the DNA molecule (𝐴𝐷𝑁𝐴) and the nanopore (𝐴𝑝𝑜𝑟𝑒): 
 
∆𝐺
𝐺
=
𝐴𝐷𝑁𝐴
𝐴𝑝𝑜𝑟𝑒
=
(𝑑𝐷𝑁𝐴)
2
(𝑑𝑝𝑜𝑟𝑒)
2                                                                (6.2) 
 
The expected value of ∆𝐺/𝐺 for DNA, assuming a diameter of 2.2 nm, is 3.36 %, 2.15 % and 
1.89 % for pore sizes of 12 nm, 15 nm and 16 nm respectively. For 36DNA, the experimental 
value of 2.05 % is comparable to the expected value of 2.15 % for the pore size used, while the 
conductance blockade of 3.08 % is slightly higher than the expect value. The pET24a-p53 
complex had three measured conductance blockades of 0.89 %, 2.59 % and 4.55 %, compared 
to the expected value of 3.36 % for linear DNA, where the two higher values are comparable, 
but the smallest blockade is significantly lower. For 36DNA-p53 complex, both obtained 
values of 0.80 % and 0.97 % are smaller than the expected value of 1.89 %.  
 
To investigate the variation in conductance blockade, the radius of gyration of the DNA 
molecules must be considered. The DNA used here forms a random coil with 𝑅𝑔 ~ 175 nm, 
which is larger than 𝑑𝑝𝑜𝑟𝑒 (12 – 16 nm). Hence, to translocate through a pore of the sizes used 
here, the coiled DNA must be at least partially elongated and linearly threaded into the pore. 
Therefore, the translocation of DNA in the experiments here are within the entropic trapping 
regime (𝑅𝑔 ≥
1
2
𝑑𝑝𝑜𝑟𝑒), as described in 1.4.4.5. It should be noted that the radius of gyration of 
p53 alone was found to be 𝑅𝑔 = 6.82 ± 0.03 nm, whilst a p53-DNA complex with a 24 bp DNA 
fragment was found to increase the radius of gyration to 𝑅𝑔= 7.23 ± 0.08 nm. For the DNA-
p53 complexes examined here, the radius of gyration of DNA is very large compared to that of 
p53 which suggests that the radius of gyration will not differ significantly from that of bare 
DNA.  
 
Multi-level events can be seen in figures 6.2 and 6.4. The presence of different levels has been 
reported to show DNA folding during translocation of dsDNA, as discussed in 1.2.4.7 The 
threading of a DNA molecule in a linear manner was shown to be only one of the possible 
conformations during translocation. Indeed, partly folded or completely folded DNA 
translocation events can be observed, where the folded part of the molecule excludes more 
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counterions due to it occupying a larger volume of the pore. These folded translocations 
consequently exhibit faster translocation times but larger current modulations. The different 
values obtained for 36DNA of ∆𝐺/𝐺 are therefore attributed to linear and partially folded 
translocation events for DNA for 2.05 % and 3.08 % blockades respectively. Additionally, for 
pET24a-p53 complex, the values for conductance blockade of 2.59 % and 4.54 % lie in the 
DNA only population and could also be attributed to linear and folded DNA. The smaller than 
expected conductance blockades of 0.89 % for pET24a-p53 complex and 0.80 % and 0.97 % 
for 36DNA-p53 complex fall outside the DNA only population and were attributed to DNA-
p53 complex translocation. The lower than expected ∆𝐺/𝐺 values suggest that the DNA is 
linear, although other factors may result in the low conductance blockades. This will be 
discussed in the next section. 
 
Some Group 2 events exhibited a spike feature that reached a larger magnitude of conductance 
blockade than the rest of the event, as seen in figure 6.4 b. Examination of the position of spike 
feature along the translocation event showed the lowest probability of the spike being found at 
the ends of the event for both pET24a-p53 complex and 36DNA-p53 complex, see figure 6.5.  
The highest probability of the spike being found was towards the centre of the event for both 
samples. It could be proposed that the spikes are due to the bound p53 protein, as the higher 
conductance could be due to the larger excluded volume of the protein. However further 
experiments are required to support this theory, as both the DNA and the p53 protein would be 
expected to have larger conductance blockades than they exhibit here.  
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Figure 6.5. Detailed analysis of Group 2 events, where the spike occurs at different times during the 
event. Relative spike position ‘0’ relates to the beginning of the event and ‘1’ to the end. 
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6.2.2 Event Charge Deficit 
 
As the p53-bound DNA translocation events exhibited longer dwell times and smaller relative 
conductance blockades than for the bare DNA, the ecd was investigated to examine if a change 
in charge could be responsible. Figure 6.6 shows histograms of the ecd for 36DNA, 36DNA-
p53 complex and pET24a-p53 complex at -200 mV for Group 1 and Group 2 events. Gaussian 
distributions were fitted to the histograms to obtain the most probable ecd values.  
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Figure 6.6. Histograms of ecd for Group 1 translocation events (red) and Group 2 events (black) for 
a. 36DNA-p53 complex, b. pET24a-p53 complex and c. bare 36DNA, which only exhibits Group 1 
characteristics. Gaussian distributions were fitted to the histograms to obtain the most probable ecd 
values of -14.27 ± 2.52 fAs and -13.20 ± 7.26 fAs for Group 1 and Group 2 events respectively for 
36DNA-p53 complex, -14.33 ± 3.04 fAs and -18.03 ± 6.91 fAs for Group 1 and Group 2 events 
respectively for pET24a-p53 complex and -18.22 ± 4.31 fAs for 36DNA. d. shows the most probable 
ecd values for each sample and each group type. It can be clearly seen that the ecd values obtained 
for Group 1 and Group 2 events for both 36DNA-p53 complex and pET24a-p53 complex are within 
error of each other, and within error of the value obtained for bare 36DNA. Therefore, the binding of 
the p53 protein to DNA does not significantly alter the charge on the complex.  
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For 36DNA-p53 complex, Group 1 events yielded an ecd of -14.27 ± 2.52 fAs, whilst Group 
2 events yielded -13.20 ± 7.26 fAs. For pET24a-p53 complex, ecd values of -14.33 ± 3.04 fAs 
and -18.03 ± 6.91 fAs were obtained for Group 1 and Group 2 events respectively. For bare 
36DNA that only exhibited Group 1 events, the ecd was found to be -18.22 ± 4.31 fAs. Figure 
6.6d shows the most probable ecd values for each sample, for both Group classifications. It can 
be seen that the ecd for Groups 1 and 2 are within error of each other for both 36DNA-p53 
complex and pET24a-p53 complex. This indicates that the charge is not significantly affected 
by the binding of p53 protein to DNA, in agreement with the discussion in 5.3.2. The ecd of 
36DNA is also within error of that of 36DNA-p53 complex and pET24a-p53 complex.  
 
As the charge on the DNA-p53 complexes is the same as for the bare DNA, the difference in 
dwell time observed for Group 1 and Group 2 events is not due to the charge of the analyte, 
rather, the binding of p53 protein to the DNA must play a role in slowing the translocation 
process. Firstly, it should also be noted that the AFM images of DNA-p53 complexes showed 
no more than one or two p53 proteins bound to a DNA molecule. Therefore, any factors that 
could affect the translocation dynamics should take this into consideration. Two theories are 
detailed below. 
 
Protein adsorption to the inner pore walls has previously been reported to play a significant 
role during the translocation of individual protein species.8 If the DNA-bound p53 protein 
undergoes adsorption and desorption inside the pore, the translocation time would therefore be 
greatly affected. Indeed, it has been previously hypothesised that adsorption of protein to the 
inner pore wall could lead to a change in the local surface charge density.9 This could result in 
a conductance modulation that was of a different magnitude than expected from simple volume 
exclusion principles. It cannot be ruled out that adsorption of the p53 protein could cause an 
effect such as this. 
 
Considering the AFM studies in chapter 4, the calculated dimensions of the tetrameric p53 
protein alone (12.5 x 17.74 x 9.68 nm) are comparable to the pore diameters used here.  
Furthermore, the maximum diameter of p53 in literature was found to be 24.0 ± 3 nm10 which 
is considerably larger than the pore diameters in these experiments. It cannot be ruled out that 
the p53 protein could be unable to pass through the pore in its original state, thus affecting the 
passage of the p53-DNA complex. The conformation of p53 could be altered by the electric 
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field11 such that it would then pass through the pore. Alternatively, the capture of DNA with 
p53 bound could result in the p53 protein remaining outside the pore and sliding along the 
DNA, resulting in a slowed threading of the DNA through the pore. This may also result in a 
different conductance modulation.  However, these hypotheses would require further work with 
different sized pores to obtain a full understanding of the p53-DNA complex translocation 
dynamics. 
 
6.2.3 Effect of Applied Voltage 
 
The detection of DNA at various applied voltages was investigated to further study the dwell 
time and dynamics of translocation events. The electrophoretic transport of 36DNA, 36DNA-
p53 complex and pET24a-p53 complex through nanopores of 15nm, 16 nm and 12 nm 
diameters respectively was investigated at applied voltages of -35 mV, -50 mV, -75 mV, -100 
mV, -125 mV, -150 mV and -200 mV. It should be noted that the applied voltage was changed 
randomly. For all samples, no translocation current blockades were detected below -50 mV, 
which could be a result of signal-to-noise limitations.  
 
 
Figure 6.7. Most probable dwell times versus applied voltage for 36DNA (black squares), 36DNA-
p53 complex Group 1 events (magenta diamonds) and pET24a-p53 complex Group 1 events (blue 
circles). Additional populations were observed at -150 mV and -200 mV which were attributed to 
Group 2 events and thus to DNA-p53 complexes. They are shown separately as 36DNA-p53 complex 
Group 2 events (magenta triangle.) and the pET24a-p53 complex Group 2 events (blue triangles). 
The exponential fit (τ~exp(-V/V0)) in the semi-logarithmic plot illustrates the exponential decrease 
in dwell time with increasing applied voltage.  
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Histograms of dwell time were fit with Gaussian distributions to obtain most probably values. 
A semi-logarithmic plot of dwell time versus applied voltage is shown in figure 6.7. The dwell 
time is observed to decrease non-linearly with increasing applied voltage, whilst there is an 
additional population of events with longer dwell times at -150 mV and -200 mV for pET24a-
p53 complex and 36DNA-p53 complex. These longer dwell times were classified as Group 2, 
and thus are attributed to DNA-p53 complex translocating through the pore. It is interesting 
that they are only observed at and above -150 mV. This could suggest that the complex requires 
a higher driving force than bare DNA for translocation to occur.  
 
The remaining Group 1 events for all three analytes exhibited an exponential decrease in dwell 
time as a function of applied voltage. This further supports the conclusion that the translocation 
is an activated process.12 The relation 𝜏 = 𝜏0 exp(− 𝑉 𝑉0⁄ ) was fitted to the dwell time Group 
1 data in the range of -50 to -200 mV. Extracted values were obtained of 𝜏0= 0.21 ± 0.03 ms 
and 𝑉0= 134.0 ± 18.1 mV for bare 36DNA, 𝜏0= 0.28 ± 0.04 ms and 𝑉0= 112.5 ± 11.5 mV for 
36DNA-p53 complex and 𝜏0= 0.22 ± 0.03 ms and 𝑉0= 116.9 ± 16.4 mV for pET24a-p53 
complex. It can be seen that the translocation times for all three analytes in the absence of an 
external electric field, 𝜏0, are the same within experimental error. This suggests that the 
diffusional rate is the same for all samples. This is expected as the Group 1 events all represent 
translocation of bare DNA for each sample. Additionally, the voltage dependence of the DNA 
samples are within error of each other.   
 
As there were only two voltages at which Group 2 populations were detected, no fitting was 
achieved for this data. It would be of interest to investigate the Group 2 characteristics at 
various applied voltages as a difference in voltage dependence between the DNA-p53 
complexes and the bare DNA could provide an insight into the different observed dwell times.   
 
6.3 Conclusion 
 
This chapter showed the use of planar quartz-substrate nanopores to detect DNA and DNA-
p53 complexes. The use of these devices which had pore sizes comparable to p53 dimensions 
provided a label-free detection method to distinguish between DNA only and DNA-p53 
complexes. Conductance blockade was shown to be able to determine between DNA only and 
DNA-p53 complexes within a single DNA-p53 pre-incubated mixture, where 8.2 % and 32.3 
142 
 
 
 
% of 36DNA and pET24a respectively were found to exist as DNA only, with the rest of the 
DNA forming complexes with p53. This supports findings from AFM in 4.4 that 36DNA binds 
more p53 protein than pET24a, although the percentages of bound DNA is significantly lower 
in the AFM experiments. The capture rates of the different complexes could affect the 
percentage of bare and bound DNA observed in the nanopore experiment, and therefore further 
experiments are required to confirm this observation.  
 
Although the nanopore data did not provide a significant distinction between the 36DNA-p53 
complex and the pET24a-p53 complex, the successful discrimination between DNA only and 
DNA-p53 complexes using nanopores is a new development in the p53 field.  
 
The nanopore devices used in this chapter proved to be sufficient for detection of DNA and 
DNA-p53 complexes at an applied filter frequency of 100 kHz, which was higher than that 
achieved using nanopipettes in chapter 5. Thereby, the translocation times provided the means 
of distinguishing between DNA and DNA-p53 complexes, which was not possible for the 
nanopipettes. These planar nanopore devices are, therefore, more suitable for further 
investigating the p53-DNA interaction. 
 
The longer dwell times for DNA-p53 complexes were attributed to protein adsorption and 
desorption to the inner pore wall. Further studies could investigate utilising the adsorption of 
p53 to the pore wall to enhance the detection of the DNA-p53 complex.  
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7 
Conclusion and Outlook 
 
 
 
 
 
Abstract 
 
This chapter presents a summary of the work discussed in this thesis. An overview of the 
motivations behind the research, the challenges and key findings are detailed. Lastly, a brief 
discussion will conclude with recommendations for further work. 
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This thesis has focussed on achieving single molecule detection of the p53-DNA interaction 
with AFM and nanopore sensors. The advantage of single molecule detection is the ability to 
distinguish between molecules in a population which may have different features, 
conformations, or exhibit various different positions or mechanisms of binding to other 
molecules. As such, AFM provided a powerful tool to probe the p53-DNA interaction to 
investigate the positional binding of p53 along DNA, in addition to its size and form, whilst 
nanopore sensors achieved label-free detection of p53-DNA complexes and distinguished 
between complexes and bare DNA.  
 
In order to obtain a confirmation of p53-DNA binding, initial experiments were undertaken 
with gel electrophoresis in Chapter 3. The DNA samples were produced through ligation and 
cloning with short consensus DNA fragments, 26bp, 36bp, and 47bp, being successfully 
inserted into a 5.31 kbp plasmid. These consensus DNA plasmids were digested to produce 
linear RE DNA samples with the consensus sequence at the end of all samples. Gel 
electrophoresis confirmed the length of the RE DNA samples were the same, as expected. p53 
binding experiments with DNA utilised the short consensus fragments, which were incubated 
before EMSA experiments were conducted. More than one form of p53 was observed to bind 
to 26bp and 47bp DNAs, with aggregation present.  
 
In Chapter 4, AFM experiments on p53 protein, bare DNA REs and p53-DNA complexes were 
undertaken. The DNA only samples were used to model the AFM probe tip size, which was 
later used to calculate dimensions for p53 protein and p53-DNA complexes. Studies on p53 
protein found that dimensions of 6.6 x 2.6 x 4.8 nm were attributable to a dimeric species, 
whilst a population of protein with larger dimensions of 12.5 x 17.7 x 9.7 nm was determined 
to be tetrameric p53 protein. A study of the distribution of p53 protein found that roughly 34 -
44 % of p53 was measured to be tetrameric species, which was within the lower estimated 
population percentage. The p53 protein in these studies was, therefore, predominantly dimeric, 
in agreement with previous publications. Finally, the p53-DNA complexes were examined. 
The length of the DNA-p53 complexes were within error of the bare DNA samples, supporting 
the existence of p53 protein bound to DNA and removing any false measurements of DNA 
folding from the results. The position of p53 binding along DNA molecules was examined, 
with both non-specific binding and specific binding present for all samples. The RE DNAs 
exhibited significant binding at the end of the DNA, where the consensus sequence was located. 
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In contrast, the control pET24a DNA did not exhibit significant binding at its terminus. These 
positional binding statistics provided evidence of consensus sequences inducing sequence-
specific binding, while an absence of consensus sequence resulted in only non-specific binding. 
The percentage of p53 bound to each DNA sample was examined and found to be higher for 
36DNA than for the other RE DNAs or pET24a. Thus, 36DNA was proposed to exhibit a 
higher affinity of p53 binding than the other DNA samples, which was in agreement with 
expectations from literature. Finally, the size of the bound p53 proteins were measured, and 
found to be of both dimeric and tetrameric form for all samples.  
 
Nanopipette devices were prepared as described in Chapter 2, in a fast, simple fabrication step. 
The quartz nanopipettes exhibit low noise, which proves beneficial for nanopore sensing 
applications. Initial experiments in Chapter 5 with 47DNA and 47DNA-p53 complex 
demonstrated that the filtering frequency of 10 kHz was inadequate to fully resolve the fast 
translocation times, and therefore there was a loss of information from the data. Increasing the 
filtering frequency to 60 kHz enabled successful detection of 36DNA, 36DNA-p53 complex 
and pET24a-p53 complex. However, the nanopipette devices had large pore diameters of 
greater than 30 nm. This resulted in the nanopore characteristics of integrated charge, relative 
change in conductance and event capture rate exhibiting similar values for each sample, which 
were within experimental error of each other. Therefore, the nanopipette devices were unable 
to distinguish between bare 36DNA, 36DNA-p53 complex and pET24a-p53 complex. The 
sensitivity of nanopore devices can be improved by fabricating thinner, smaller diameter pores, 
as a smaller volume of ions provides the transient current, and therefore any analyte would 
exclude a larger percentage of ions, and result in a larger change in current as it passed through 
the pore. 
 
With the aim of distinguishing between the bare DNA and different DNA-p53 complexes, 
planar low-noise nanopore devices were obtained from the Kim Group at Seoul National 
University, South Korea. These devices had nanopore nominal diameters of 10 nm, and 
membrane thicknesses of 18 nm. Applying these nanopores to the detection of 36DNA, 
36DNA-p53 complex and pET24a-p53 complex, resulted in successful detection and 
discrimination between bare DNA and DNA-p53 complexes. These experiments were 
performed at 100 kHz filtering frequency, to further improve the temporal resolution of the 
experiments. The conductance blockades were used to distinguish between bare DNA and 
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DNA-p53 complexes within a single pre-incubated mixture of DNA and p53, for both 36DNA 
and pET24a. This is a new development in the p53 research field, where label-free methods of 
detections are not widely utilised. The percentage of DNA only events were found to be 8.2 % 
for 36DNA-p53 complex and 32.3 % for pET24a-p53 complex, whilst the remainder of the 
events had characteristics which were determined to be DNA-p53 complexes. It was therefore 
concluded that 36DNA forms more p53-complexes than pET24a. This supports the findings 
from the AFM studies, although the difference in the percentage of complexes formed may be 
influenced by the capture rate of the nanopore devices.  
 
Despite successful discrimination between bare DNA and DNA-p53 complexes, the nanopore 
characteristics were within error of each other for the 36DNA-p53 complex and pET24a-p53 
complex. Therefore, further improvements to the nanopore devices or experimental design are 
required to push the detection and discrimination limit further. However, for nanopore devices 
to be able to distinguish DNA-p53 complexes from bare DNA is a significant development, as 
the AFM results showed that p53 binds individual molecules to the DNA. Examination of the 
individual translocation events for DNA-p53 complexes showed the presence of spikes at 
different positions along the event. This could be attributed to the position of the bound p53 
protein, although further experiments are required to probe this hypothesis further. 
Additionally, longer dwell times of DNA-p53 complexes were proposed to be a result of 
protein adsorption and desorption to the inner pore wall, which can significantly slow down 
the translocation time. Alternatively, the p53 protein could be too large to pass through the 
pore, resulting in either threading of DNA as the protein slides along it, or a conformational 
change of p53 to pass through the pore with the DNA. Varying the applied voltage and 
examining the relationship with dwell times provided evidence of an activated process 
occurring during the translocation of all analytes in the nanopore experiments.  
 
Taking the AFM and nanopore results together, it has been shown that the p53 protein binds 
DNA in both dimeric and tetrameric forms, while the existence of a consensus sequence along 
a DNA molecule induces sequence-specific binding. Non-specific binding was also determined 
for RE DNAs and control DNA. This discrimination of specific and non-specific binding has 
not been shown before with AFM. 36DNA was found to bind a higher percentage of p53 in 
both AFM and nanopore experiments, indicating a higher binding affinity for p53. Successful 
label-free single molecule detection and discrimination was achieved between bare DNA and 
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DNA-p53 complexes. This is not only a new method to be applied to the study of the p53-DNA 
interaction, but is the first nanopore experiment to distinguish between bare and p53-bound 
DNA.  
 
The challenge of temporal resolution was addressed throughout the progression of the 
experiments in this thesis. Increasing the filtering frequency to 60 kHz enabled successful 
detection of DNA and DNA-p53 complexes, whilst further increasing the filtering to 100 kHz 
provided even higher temporal resolution. This is highly beneficial for translocation 
experiments where proteins are being studied, as the small dimensions can be difficult to detect.  
 
A further EMSA of 36bp binding to p53 for a longer run time could provide further information 
about the dimeric/tetrameric formation of p53, whilst repeating the 26bp and 47bp EMSAs is 
also recommended. The experiments with gel electrophoresis could be further explored by 
examining a concentration range for binding, which could provide information about the 
cooperativity of the interaction and the proportions of dimeric and tetrameric forms of p53 
protein at different concentrations. All further EMSA experiments are suggested to be 
performed at 4 °C, to reduce aggregation effects and gel heating.  
 
An examination of the effect of concentration using AFM would also provide useful insights 
to the interaction of p53 and its consensus sequences. Additionally, performing liquid imaging 
of p53-DNA interactions could further the understanding of the positional binding of p53 to 
the DNA samples used here and possibly probe the step-wise dimer binding process of 
tetramerization. An investigation into the effect of normal force to obtain ‘true’ height 
information for p53 and p53-DNA complexes would be beneficial, and indeed a study to probe 
the applied force required to prise the p53-DNA complex apart could provide an insight into 
the strength of the binding. Furthermore, smaller scale, high resolution images of p53 alone 
and p53 bound to DNA could obtain conformational information to support one of the two 
proposed conformations in literature.   
 
Lastly, nanopore experiments where the surface charge of the pore is altered to remove or 
enhance protein-pore interactions may provide the means to distinguish between different 
DNA-p53 complexes. Indeed, the aim of distinguishing between p53 protein binding to half-
site, full-site and full-site with gap consensus sequences requires either slowing the 
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translocation speed to enhance the temporal resolution, or reducing the nanopore diameter to 
the smallest possible diameter that will allow the passage of a tetrameric p53 protein to enhance 
the conductance blockade. It could also be of interest to investigate whether a pore significantly 
smaller than p53 dimensions would confirm a DNA threading or p53 conformational change 
theory. Further p53 interactions in the cell could be probed with nanopore sensors, such as 
binding of Hdm2. Indeed, the effects of the inhibiting binding of Hdm2 to p53 in competition 
with consensus DNA would prove an interesting nanopore study, and could be the next step 
towards a nanopore sensing cancer diagnostic tool.  
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Appendix I: Sequencing Data                                                     
 
Sequencing data of ligation of 26bpDNA into pET24a 
 
NNNNNNNNNNNNNNNNNTCCCCNTCNANANNNNTTTTGTTTNACTTTAAGAAGGAGATATACATATGG
CTAGCATGACTGGTNNTCANNAAANGGGTCGGGATCCGAATTCATAATTGGGCAAGTCTAGGAAAGCT
TGCGGCCGCACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAG
CTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTG
AGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATTGGCGAATGGGACGCGCCCTGTAGCGGCGCA
TTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGC
TCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGNTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGG
GGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCNCCTCGACCCCAAAAAACTTGATNAGGGTGAT
GGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTT
TAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTAT
AAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAAT
TTTTAACAAAATATTAACGCTTACAATTTANGTGGCACTTTTTCGGGGAAATGTGCGCGGAACCCCTA
TTTGTTTATTTTTTCTAAATACATTCAAATATGTATCCGCTCATGAATTAANTCTTAGAAAAAACTCA
TCGAGCATCAAATGAAACTGCAATTTATTCCATATCANGATTATCAATACCATATTTTTTGAAAAAGC
CGTTTCNTGNTATTGNAAGGAGAAAACTCACCGAGGCAGTTTCCATAGNTGGCAAGNNNCNTGGTATN
NGGTTCTGCGATTCCGACNCGTCCAACANTCAATTACCANCCTNNTNANTTTCCCCTCGNNAAAAAAN
NANGGTNNATCNAGNNN 
 
Sequencing data of ligation of 36bpDNA into pET24a 
 
NNNNNNNNNNNNNNNNCNNGNNNNNNTTTNNTNNNCTTTAAGAAGGAGANATACATATGGCTAGCATG
ACTGGTGGACAGCAAATGGGTCGCGGATCCGAATTCATAATTGGGCAAGTCTGGGCAAGTCTAGGAAA
GCTTGCGGCCGCACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGG
AAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTC
TTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATTGGCGAATGGGACGCGCCCTGTAGCGGC
GCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCC
CGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATC
GGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGT
GATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTT
CTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACNCTATCTCGGTCTATTCTTTTGATT
TATAAGGGATTTTGCCGATTTCGGNCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCG
AATTTTAACAAAATATTAACGCTTACAATTTAGGTGGCACTTTTCGGGGAAATGNGCGCGGAACCCCT
ATTTGTTTATTTTTCTAAATACATTCNAATATGTATCCGCTCATGAATTAATTCTTAGAAAAACTCAT
CGAGCATCAAATGAAACTGCNATTTATTCNTATCNNNNNNATNNNTANNNTATTTTTNAAAAANNCNN
TTNNGNNNNNNANGNNAAAANNNNNCNNNGNNGNTCCNTNNNNNNGNANNANNNTNGNATCNNNNTGN
NATTNNNANNNNNNCNNNNNNNNNNNNNNNNNNNNNTTTNCCNNNNNCNAAANNNNNTN 
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Sequencing data of ligation of 47bpDNA into pET24a 
 
NNNNNNNNNNNNNCNNNNNNNNNTTNNTNANCTTTAAGAAGGAGANATACATATGGCTAGCATGACTG
GNGNACAGCAAATGGGTCGCGGATCCGAATTCATAATTGGGCAAGTCTAGGAAATAATTGGGCAAGTC
TAGGAAAGCTTGCGGCCGCACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCC
CGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAA
ACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATTGGCGAATGGGACGCGCCCTG
TAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCC
TAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCT
CTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGA
TTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGT
CCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCT
TTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATT
TAACGCGAATTTTAACAAAATATTAACGCTTACAATTTANGTGGNACTTTTCGGGGAAATGTGCGCGG
AACCNNTATTTGTTTATTTTTCTAANTACATTCNAATATGTATCCGCTCATGAATTAATTCNTANAAA
AACTCNTCGAGCATCNAATGAAACTGCNNTTTANTCNTATCNNNNNTNTCNATNNCATATTTTTNAAA
AANNCGNTNNNGTANNGAANGNNAAAACTNNNCNANGNNNTTCCNNNNNNNGGNNNNNNNNNGGNNTC
GGNCNNNNATTNCNNNNNNNNCNANNTCNATACNNNNNNNNNNNTNNCNNNNNNNAAANNNNNNTNNN
CNNNNNNNANNNNNCNNNNNNNNNNNNNGNNNNNNNNNANNANNNNNAANNTNNTNNNTTNCNTTNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNANNNNNNNNNNNNNNNNNNNNNNNNTNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNAANNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNTNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 
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Appendix II: Matlab Code for AFM Positional Binding 
 
Tim Albrecht is acknowledged for this Matlab code. 
 
close all 
clear all 
 
%Number of repeats: 
k=50000;  
%Bin size for plot of random position data: 
x=0:0.025:0.5;  
%Generate random numbers between: 
a = 0;  
b = 1;  
ABV=0; 
ABVend=0; 
%Number of data points obtained for experiments: 
numbers = 128;  
% Relative frequency value for peak at 0 for experimental data: 
cutoff = 0.114; 
rng(0,'twister'); 
m2=0; 
 
[~,xc]=size(x);  
avprob=x(end)/(xc-1); 
 
%Generate random numbers from 0 to 1; adjust numbers greater than 0.5 to be between 0 and 
0.5: 
for c1= 1:k 
c1; 
rng('shuffle'); 
c = (b-a).*rand(numbers,1); 
i = c>0.5; 
154 
 
 
 
j = c<0.5; 
cabove = +i.*c; 
cbelow = +j.*c; 
cadjust = 1.-cabove; 
cadjust2 = +i.*cadjust; 
 
cfinal= cbelow + cadjust2; 
n_elements=histc(cfinal,x); 
norm_elements=n_elements./numbers; 
 
%Determine number of random data generations that give a significant value of greater than 
the cutoff value: 
data(:,c1) = norm_elements; 
r(:,c1) = (norm_elements > cutoff); 
if isempty(find(r(:,c1),1))==0; 
    if isempty(find(r(1,c1),1))==0 || isempty(find(r(1,c1),1))==0; 
        ABVend=ABVend+1; 
    end 
    ABV=ABV+1; 
    m2=m2+1; 
    EVL(m2,1:5)=[c1,ABV,ABV/c1,ABVend,ABVend/c1]; 
end 
end 
 
%Plot number of trials above the cutoff vs the total number of trials, and the number of trials 
above the cutoff at 0 vs the total number of trials: 
figure(1) 
semilogx(EVL(:,1),EVL(:,3)); 
title('rel. no. trials above cutoff vs. no. trials'); 
figure(2) 
semilogx(EVL(:,1),EVL(:,5)); 
title('rel. no. trials above cutoff  AT DNA EDGE vs. no. trials'); 
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Astr=['cutoff rel. to av. prob.:',' ',num2str(cutoff/avprob)]; 
disp(Astr); 
meanEVL=double(mean(EVL((end-100):end,3))); 
Bstr=['average of rel. no. trials over last 100 data pts.',' ',num2str(meanEVL)]; 
disp(Bstr); 
meanEVLend=double(mean(EVL((end-100):end,5))); 
Cstr=['average of rel. no. trials over last 100 data pts, end of chain.',' ',num2str(meanEVLend)]; 
disp(Cstr); 
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